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Abstract 
Weather variability presents an external impediment that increases the uncertainty in crop 
production potential specially for perennial crops under rain-fed cultivation. In particular, increasing 
rainfall variability that has accompany climate change in the tropics is increasing production 
uncertainty exposing farmers to a range of risks. Producer behavior under uncertainty is theoretically 
advanced in Chambers and Quiggin (2000) with the development of the state-contingent approach. 
This theory advocates farmers manage uncertainty by allocating inputs into different states of nature. 
This will enhance farmers’ capacity to choose variable production technologies to manage uncertainty 
associated with unexpected events as state-contingent production technologies are naturally more 
flexible. This thesis examines the application of a state-contingent model for coconut production to 
assess the impact of a changing climate on coconut production with a view to assess adaptation 
options for a production system involving long-lived crops.  
The analysis of production of perennial crops encounters the treatment of long gestation 
periods, gradual increase in yield over an extended maturation period and yield stabilization following 
maturity. In considering optimal resource allocation from an agricultural production system 
perspective, a) the nature of resource constraints, b) the appropriateness of production technology and 
c) decision makers managerial behaviour needs to be considered together. The analysis in this thesis 
integrates these three aspects, with a special focus on managing uncertainty in coconut production in 
Sri Lanka.  
Climate is a primary determinant of crop choice and weather variability is the major factor 
influencing agricultural productivity and uncertainty in production outcomes. To examine the impact 
of changes in climatological variables, rainfall and temperature, on coconut production, a production 
time series over 1950-2014 was used to identify variations and trends over time and their statistical 
significance. The graphical and statistical analyses undertaken proved useful in gaining a more 
complete understanding of how the production environment is changing in the short run as well as 
over the long run. It offered a sound basis to further consider effective adaptation options in 
agricultural production, especially long-lived assets such as coconuts, in response to changing states 
of climate, representing the natural environment in which production takes place. It was revealed that 
while climate change impacts are observable over longer time horizons, understanding the nature of 
such changes may allow farmers to adapt to more observable variations in weather over narrow time 
periods. 
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To empirically assess how weather variability affects production technology, the thesis drew 
on coconut production data from a sample of commercial coconut plantations in the primary coconut 
growing area of Sri Lanka. The empirical model, based on the state-contingent production function, 
was used to examine how farmers manage production uncertainty under different states of nature. It 
reveals that the existing commercial production systems represents a set of flexible farming 
technologies, which allows farm managers to better manage uncertain wet and dry states of nature.  
Building on the first two components of this work, the thesis further examines farmers’ 
managerial influence, in terms of crop diversification for cost-effective mitigation, to gain insights on 
optimal resource use patterns. This study used site-specific primary data of coconut production and 
climate variables obtained from the main research station of the Coconut Research Institute of Sri 
Lanka and secondary data on crop cash flows, also from the same institution. Relative profitability of 
a set of intercrops under coconuts are estimated with the provision for capturing uncertainty in rainfall. 
This illustrative analysis was also used to estimate the nature of risk premia under alternative 
assumptions for climatic states of nature. It supports the hypothesis that diversification of coconut land 
with intercrops is a viable strategy for adapting to impacts of uncertain climate change.  
Overall, the research in this thesis leads to the conclusion that coconut production follows a 
state contingent production system, where farmers have been exposed to a changing production 
environment over recent decades. Increasingly pronounced impacts of weather variability on coconut 
production over recent years indicates that the Sri Lanka Coconut industry has a long way to go in 
fully adapting to these uncertainties in the production environment. Low profitability of coconut 
monoculture makes the industry particularly vulnerable in the face of climate change. The encouraging 
prospects for intercrop-based adaptation seems to add weight on existing policies to encourage 
systematic intercropping, particularly as coconut production expands away from urban areas to more 
rural regions where the opportunity cost of inputs, mainly land and labour may be more favourable for 
agriculture. Hence, policies that encourage the agricultural sector implementing systematic strategies 
to adapt to a changing production environment may increase public welfare.              
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 Introduction 
1.1 Overview 
Coconut industry is a key contributor to the Sri Lankan economy, where coconut is one of the 
three major plantation crops covering an area of 0.4 million ha Department of Census and Stattistics 
(2017). Coconut, the legendary “Tree of Life”, derives its importance due to its contribution to 
domestic food security, exports and employment through its different harvestable components or 
derivatives thereof. However, being a rain-fed perennial crop in Sri Lanka, the coconut sector is 
highly vulnerable to changes in the production environment (Pathiraja et al., 2015). Thus, in the face 
of global climate change, it is important to understand how coconut production responds to weather 
variability and adaptation measures that can be implemented to counter likely impacts.  
This thesis consists of three empirical studies at the juncture of production and environment 
economics, with a special emphasis on coconut farming in a changing production environment in the 
main coconut growing region of Sri Lanka. The study aims to explain patterns in the observed 
production under a changing climate by examining the effects of state of nature relating to observed 
rainfall on coconut production. An improved understanding of the factors driving production 
responses will then be used to explore the adaptive capacity of the coconut production system to 
changes in production conditions.      
The Intergovernmental Panel on Climate Change (IPCC) notes that the changes in climate 
have caused significant impacts on the natural production system, particularly in the recent decades 
(IPCC, 2014). IPCC further emphasizes that these impacts emanates from the observed changes in 
climate variables regardless of the cause and indicates that the natural systems are sensitive to a 
changing climate. Climate change has been revealing through various exposures such as an increase 
in the global mean surface temperature and warm temperature extremes, a decrease in cold 
temperature extremes, as well as changes in the volume and the distribution of annual precipitation. 
Studies in different regions and on different crops have revealed that the negative impacts of climate 
change on crop yield is more pronounced than the positive impacts, while there is significant 
uncertainty on the magnitude of impacts (IPCC, 2014). As climate change continues, it will create 
new risks for natural systems while magnifying existing risks on natural and social systems (IPCC, 
2014). 
Adaptation strategies are essential for managing and reducing climate change risks and 
addressing investment uncertainty, particularly in the agricultural sector. Adaptation in natural 
systems is defined as “the process of adjustment to actual or expected climate and its effects, in order 
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to moderate harm or exploit beneficial opportunities” (IPCC, 2012). These adaptation strategies in 
agriculture  can be classified into five categories i.e. a) farm production management and technology, 
b) farm financial management, c) farm diversification, d) external interventions, and e) management 
of social network and governance (Below et al., 2010). Among them, conservation measures of land 
and water resources are viable options for adaptation of farming systems to various stresses (Kato et 
al., 2011, Sietz and Van Dijk, 2015).    
Agriculture in low latitude countries are at a greater production risk than the higher latitude 
countries as they already experience the maximum temperature limits for effective crop growth 
(IPCC, 2014). Hence, continuing climate change could decrease crop productivity in low latitude 
countries like Sri Lanka. In particular, such exposure could exaggerate the current low production 
scenario in the Sri Lankan coconut industry, which is signified by a declining trend in per capita 
availability of coconuts, indicating that the coconut production has not increased with the growth in 
population.  
Unlike the other two plantation crops, tea and rubber, where exports constitute over 90 per 
cent of the output, the coconut industry caters to a substantial local consumption demand, leaving 
exports as a residual activity. This focus for local consumption has led Sri Lanka to take a declining 
role in the global coconut products market in recent decades, whereas Sri Lanka has previously been 
the world market leader for many coconut-based products. Hence, overcoming the relative 
profitability of coconut production and increasing the surplus availability of coconuts for kernel-
based processing industries have become important policy issues for Sri Lanka to improve its export 
competitiveness and improving value-adding opportunities for coconut-based industries.  
Moreover, given the increasing competition for land, the challenge for increasing coconut 
production in Sri Lanka has become one of increasing the productivity of coconut lands. Technically, 
the coconut production can be increased either by increasing the area under cultivation (horizontal 
expansion), or by increasing productivity (vertical expansion) or increasing both. Traditionally, 
coconut cultivation was concentrated in the area known as the “Coconut Triangle” in the north-
western portion of Sri Lanka, spanning just north of Colombo from the west to in the Central West 
and linking back to Puttalam on the North Western Coast (Figure 1-1). However, increasing pressure 
from rapid urbanization in this region is threatening the relative profitability of coconut as an 
economic land use, although ecologically it is the most favoured region for coconut production in Sri 
Lanka (Department of Census and Statistics, 2015b).  
Hence, over the past decade or so, the local authorities have focussed on expanding coconut 
cultivation into non-traditional areas, primarily in the eastern coastal belt and the adjoining inland 
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region, where land availability is relatively more favourable. According to the latest  agricultural 
census, these efforts have succeeded to the point that the expansion is greater in the non-traditional 
coconut growing areas compared to the traditional coconut growing areas (Department of Census and 
Statistics, 2015b). This increasing rate of growth in new areas suggests that the land use is becoming 
more intense in the traditional areas and growing coconut is not considered as being competitive in 
these highly suitable lands even with the provision of cultivation subsidies. However, expansion of 
coconut cultivation into other areas is not possible to continue as Sri Lanka is a small island with a 
total area of 6.5 million ha, and a population of 21 million. This is coupled with only about 50 per 
cent of the land area is arable due to unsuitable terrain, inland water bodies and forest reservations; 
the per capita arable land area of about 0.15 ha would need to be managed for profitable and 
sustainable use. Therefore, it is likely that maintaining the total area of coconut in Sri Lanka around 
the current level of 400,000 ha would be challenging. 
In Sri Lanka, and in many coconut-producing countries, it is clear that coconut production is 
competing with other land uses in attracting and retaining investment, and in justifying resources for 
maintaining the viability of existing coconut groves. Increasing weather variability, in the context of 
a changing climate, is therefore becoming a significant source of uncertainty for industry planners 
and investors alike in determining viable options for enhancing the profitability and competitiveness 
of coconut production. A few studies conducted on irrigation have shown that the coconut palm 
responds well to irrigation (Carr, 2011) in most coconut production regions, but the economic 
viability of irrigated coconut production is yet to be well-established. Therefore, the only long-term 
viable option to increase coconut production is to sustainably increase the productivity of coconut 
lands and increase the competitiveness of coconut production as a land use.  
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Figure 1-1 Area of coconuts 
Source: Department of Census and Stattistics (2002) 
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1.2 Problem statement and Objectives 
This research is motivated by the observed trend in the Sri Lankan coconut industry of low 
production and a decline in export competitiveness over a prolonged period. Ongoing climate change 
complicates  this productivity decline, overshadowing the beneficial influence of  Sri Lanka’s tropical 
climate that favoured the establishment of coconut production in Sri Lanka (Ransinghe et al., 2015).  
It is also linked to the fact that coconut is mainly grown as a rain-fed crop. In this setting, rainfall and 
temperature are the most critical climatic variables that influence productivity of coconut, as the 
physiology of production is highly sensitive to moisture deficits and high temperature, both of which 
can have a lagged impact, spanning over several harvests. Moreover, there is distinct evidence of 
anomalies in weather variables, primarily rainfall (Wickramagamage, 2016, Burt and Weerasinghe, 
2014) and temperature, that could alter the production environment (De Costa, 2008) for coconuts.  
The challenge for agriculture in the 21st century is to integrate economically viable, 
technically feasible and socially acceptable production technologies to meet the needs of the present 
generation without compromising the well-being of future generations. In achieving this challenge, 
for a long perennial crop such as coconut, global warming and climate change presents an additional 
risk to encounter in the choice of investment strategies and the development of technologies to 
enhance crop production potential. Developing countries, which are less able to adapt, are more 
vulnerable to climate risks. Projected future scenarios of climate suggest that climatic conditions in 
Sri Lanka will worsen, indicating more frequent and severe droughts and an increasing temperature 
trend (Singh et al., 2015), leading to heightened uncertainty about future production and investment 
viability (Ministry of Environment Sri Lanka, 2011). Hence, climate change is expected to have a 
significant impact on coconut production, and complicate the challenge in planning for productivity 
improvement (Ministry of Environment Sri Lanka, 2011).  
The analysis of production of perennial crops encounters the treatment of long gestation 
periods, gradual increase in yield over an extended maturation period and yield stabilization following 
maturity. In considering optimal resource allocation from an agricultural production system 
perspective, a) the nature of resource constraints, b) the appropriateness of production technology and 
c) decision makers managerial behaviour needs to be considered together. The analysis in this thesis 
integrates these three aspects, with a special focus on managing uncertainty in coconut production in 
Sri Lanka. 
Thus, the primary research objective in this thesis, is to assess empirically, how farmers 
manage increasing production uncertainty due to climate change under different states of nature. Then 
the thesis aims to examine the application of a state-contingent model for coconut production to assess 
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the impact of a changing climate on coconut production with a view to assess adaptation options for 
a production system involving long-lived crops. The theory of state-contingent production, 
introduced by Arrow and Debreu and further developed by Chambers and Quiggin (2000),  and the 
subsequent work that demonstrate its suitability for production analysis is used as guidance 
(Mallawaarachchi et al., 2016, Adamson et al., 2009, Mallawaarachchi et al., 2017, Adamson et al., 
2007). To achieve the above objective, the thesis explores how weather variability affects coconut 
production and the potential to reduce weather variability risks by implementing flexible farming 
technologies that are amenable to weather variability. The research undertaken thus includes three 
connected studies.  
The first study, presented in Chapter 2, investigates two aspects of climate exposure. First, 
rainfall and temperature records from the coconut triangle over 1950 – 2014 are used to explore 
empirical evidence of climate change in the main coconut growing areas. This study is set out in the 
context where coconut is essentially a rain-fed crop, managed predominantly by smallholder farmers. 
It is assumed that vulnerable communities are less capable of coping with extreme climate events 
such as prolonged drought and incidences of temperature desiccation, both of which can variously 
exacerbate the production risk in perennial production systems such as coconut. Second, the coconut 
production as affected by these climatic changes are investigated using monthly time series data for 
a relatively long period (1989-2015) to investigate the degree of exposure noting the biology of 
coconut production.  
The second study, reported in Chapter 3, scrutinizes the production uncertainty under different 
states of nature drawing on coconut production data from a sample of commercial coconut plantations 
in the traditional coconut-growing region of Sri Lanka. The key challenge in understanding coconut 
productivity relates to the dynamics of rainfall, crop physiology and management, and hence we 
define rainfall variability as the primary driver of production variability in established and well-
managed coconut groves. Essentially, given crop physiology, the productivity impacts of 
environmental variation are shaped by climate, hydrology, and coconut stand characteristics, 
reflecting the interplay between environmental variables and the management influence. This study 
uses a limited panel data set from well-managed coconut estates where the influence of managerial 
heterogeneity on observed yield is minimal. We use this data set to first establish the underlying 
relationship that can explain yield variability and then to test whether the actual observed yield during 
favourable and unfavourable states of nature (Abeywardena, 1971) are in fact different.  
The third study, presented in Chapter 4, aims to assess management practices that may be able 
to cost-effectively mitigate some of the influences and estimate the nature of risk premia under 
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alternative assumptions for states of nature. Over the years, agronomic studies on coconut-based 
farming systems have shown the potential to enhance land use intensity and reduce exposure to 
climatic variability. The notable advantages include the ability to support simultaneous production of 
a number of crops (Liyanage et al., 1986), and the possibility to include livestock within an integrated 
crop-livestock production system (Devendra and Thomas, 2002). The characteristics of coconut 
production provides a unique case for investigating options to enhance income stability and resilience 
of farming systems through systematic study of production under increasing uncertainty. However, 
past studies on farming system assessments in coconut land have mostly used simple gross margins 
and average returns, and hence failed to account for how farmers manage production uncertainty 
under different states of nature by implementing flexible farming technologies that are amenable to 
weather variability. In this study, the differential weather sensitivity of a range of income generating 
activities in coconut-based farming systems are explored.  
1.3 Knowledge map  
Figure 1-2 shows the connection between three studies described above. Together, these 
empirical studies could provide an evidence-base to explore policy implications for enhancing 
coconut production in Sri Lanka under a changing production environment. The three studies draw 
on the theory of production under uncertainty, to demonstrate a) the nature of production uncertainty 
under different states of nature, b) to explore the nature of risks arising from changes in the production 
environment; and c) to undertake profitability analysis of a set of potential adaptation strategies. This 
integrated analysis is used to draw insights on how a viable adaptation strategy can be developed to 
mitigate the economic consequences of a changing production environment.   
1.4 Contribution to the literature 
To the best of my knowledge, this is the first attempt to apply the state-contingent approach 
to study economics of coconut production, particularly in relation to climate exposure. The literature 
on the state-contingent analysis to production under uncertainty includes only a few studies that 
attempt to concurrently use production and efficiency analysis. This thesis explores this further by 
drawing on production and analysis using Stochastic Frontier Analysis (SFA). Deterministic Frontier 
Analysis (DFA) and SFA under state-contingent approach, were first explored in O’Donnell et al., 
(2010), using simulated data. Empirical estimation of production and efficiency incorporating risk, 
using farm level data, is rare (Serra et al., 2014, Mallawaarachchi et al., 2017 ) and the studies 
presented here aim to contribute to the literature on estimating production and in state-contingent 
approach using farm level data for adaptation policy analysis.  From an application perspective, the 
thesis provides a complete example of climate change vulnerability assessment (CCVA), aiding 
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adaptation decision support. CCVAs are often recommended to incorporate three elements of 
vulnerability – exposure, sensitivity and adaptive capacity – yet, lack of data frequently leads to the 
latter being excluded (Ofori et al., 2017), resulting in excessive cost estimates and limited guidance 
to adaptation planning. 
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 The changing production environment: Evidence of climate change in the main 
coconut growing areas and impacts of climate change on coconut production in Sri Lanka 
2.1 Introduction 
The Intergovernmental Panel on Climate Change (IPCC, 2007) defines climate change as “a 
change in the state of the climate that can be identified (e.g. using statistical tests) by changes in the 
mean and/or the variability of its properties and that persists for an extended period, typically, decades 
or longer”. IPCC definition encapsulates changes in climate over time due to natural variability as 
well as anthropogenic activities. However, The United Nations Framework Convention on Climate 
Change (UNFCCC), under which IPCC operates, has its mandate to only consider “a change of 
climate that is attributed directly or indirectly to human activity that alters the composition of the 
global atmosphere and that is in addition to natural climate variability observed over comparable time 
period” (United Nations, 1992 p.7).  
2.1.1 Patterns of exposure 
Changes in climate are observed across the world, showing a linear trend in warming of 0.85 
(0.65 to 1.06) 0C, over the period 1880 to 1900 (IPCC, 2013). In contrast, the observed precipitation 
in the mid latitude land areas in the northern hemisphere has increased since 1901, while a long-term 
positive or negative trend is anticipated across other latitudes, depending on location. Furthermore,   
the magnitude of extreme precipitation events and their frequency of incidence have also increased 
(IPCC, 2014).  Climate change is projected to increase South Asia mean annual temperature about 1-
20C, accompanied by an increase in the variability of rainfall and enhanced frequency of extreme 
weather events such as drought, flood, heat waves and cold waves (IPCC, 2007). Regional projections 
of IPCC based on AR4 atmospheric and ocean general circulation models (AOGCMs or simply - 
GCMs) suggest a significant acceleration of warming in Asia over that observed in the 20th century.  
Evidence suggests that Sri Lankan climate is changing (Ministry of Environment Sri Lanka, 
2011). During the period 1961- 2000, the maximum annual temperature has shown an increasing 
trend, averaging 0.046 0C per year, in 18 selected meteorological stations, except at Nuwara Eliya 
and Rathnapura where a decreasing trend in the maximum annual temperature is evident. The 
minimum annual temperature has also shown an increasing trend at all stations during the same 
period. Moreover, the mean annual precipitation has declined, on average, by 9.46 mm per year, 
during 1961-2000. Furthermore, the reduction in rainfall distribution has altered the traditional 
boundaries of the dry and wet zones, shrinking the area under wet zone slightly. It has been observed  
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Figure 2-1: Agro-ecological map of Sri Lanka 
Source: Department of Agriculture, Sri Lanka (www.doa.gov.lk), accessed on 5th June 2018.   
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that the annual rainfall in coconut growing agro-ecological regions has recorded a declining trend 
except in two agro-ecological regions (DL3 and DL5). 
 
2.1.2 Climate sensitivity 
Many regions of the globe are already experiencing significant impacts on agriculture due to 
climate change (Touch et al., 2016, Portmann et al., 2010, Ray et al., 2015, Wood and Mendelsohn, 
2015). Climate change is an important determinant of agricultural production, and in the global 
context, 60 per cent of the variation in crop yields of maize, soybean, rice and wheat can be explained 
by climate variability (Ray et al., 2015). This applies to coconuts as well. Climate variability is 
attributed to 60 per cent of the variation in coconut production in Sri Lanka (Peiris, 2006) under rain-
fed condition. Yield variability in wheat grown without irrigation, is largely explained by 
precipitation variability in Australia (Portmann et al., 2010).   
2.1.3 Determining climate change   
Various measures have been used to measure incidence of climate change. Of these, the 
change in precipitation is a reliable indicator of changing climate (Karpouaos et al., 2010). Changing 
patterns of climate has been studied at the global and regional level across space and over time (IPCC, 
2013), including changes in the trend in precipitation (Portmann et al., 2009, Karpouaos et al., 2010) 
and temperature and extreme events (Tan et al., 2017).  
Trend analyses have covered a range of climate scenarios, indicating for example, different 
variations, including increases in snowmelt seasons in Alps (Bard et al., 2012), increasing trend in 
summer and winter floods in Austria (Bloschl et al., 2012), and trend towards earlier spring floods in 
Baltic countries (Reihan et al., 2007, Reihan et al., 2012). Notable trends, in terms of extreme 
precipitations events, include statistically significant increases in extreme precipitation in Belgium 
(Ntegeka and Willems, 2008) and Italy (Brunetti et al., 2001), and an increase in frequency of extreme 
precipitation in Bulgaria (Bocheva et al., 2009). In addition, increases in winter daily precipitation 
intensity in the United Kingdom (Osborn et al., 2000) and an increase in extreme precipitation in 
winter have been detected.  In contrast,  a decrease in extreme summer precipitation in many parts of 
western and central Europe (Zolina, 2012) has been observed while no general changes at the national 
scale in France (Giuntoli. et al., 2012). In addition to precipitation, other directly measured hydro-
climatic data as air and water temperature, stream water level, stream flow and ground water level 
have also been used to evaluate climate change. Trend analysis has also been used to determine 
variations in other climatic variables such as sunshine hours (Rahimzadeh et al., 2014). For the 
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purposes of this study temperature and rainfall variables were chosen for studying observable trends 
over recent years in Sri Lanka.  
     
2.1.4 Past studies 
A number of past studies points to the conclusion that climatic conditions in Sri Lankan have 
undergone change. For example, during the 40 years, from 1961-2000, both the maximum and 
minimum temperature have shown an increasing trend, with a maximum of 0.46 0C per decade in the 
maximum temperature and 0.27 0C per decade in the minimum temperature, across most of the 
meteorological stations in Sri Lanka (Ministry of Environment Sri Lanka, 2010). Going further back, 
Sri Lanka has experienced a 100 year warming trend from 1896 to 1996 of 0.003 0C per year (IPCC, 
2001). The mean (annual and seasonal) daytime maximum and the mean (annual and seasonal) night-
time minimum air temperatures have both increased during 1960-2001 (Basnayake et al., 2002) with 
trends of 2.6 0C per 100 years and 1.7 0C per 100 years respectively. In addition, the annual rainfall 
record indicates a declining trend, with rates ranging from 1.5 mm per year to 19 mm per year in all 
meteorological stations (Ministry of Environment Sri Lanka, 2010). For the country as a whole, the 
number of consecutive dry days have increased while the number of consecutive wet days has 
declined (Ratnayake and Herath, 2005, Premalal, 2009). These studies generally point to a situation 
of significant climate change exposure in Sri Lanka, that would make the existing climate sensitive 
industries such as coconut, to a high level of productivity risks, unless management practices also 
were to change to minimise sensitivities. 
The United Nations has identified climate change as one of the greatest challenges to 
humanity, and the negative impacts of climate change has been noted as a factor that could constrain 
the ability of developing countries to achieve sustainable development goals (United Nations, 2012). 
Droughts, with its increasing frequency and duration, continue to be one of the serious challenges.  
Along with climate change, the surface temperature is projected to rise, and it is likely to intensify 
the prevailing risks of drought. Globally, the risks are distributed disproportionately across regions, 
making underprivileged communities vulnerable to food security and livelihood disruption. These 
risks, in turn, are linked to the observed increases in temperature, declining rainfall and likely 
increases in demand for food – as both local production capabilities are disrupted and changes in 
livelihoods make people move away from agriculture. Food shortages and impacts on livelihood due 
to increased drought are key risks identified for Asia. An important area of focus is to assess these 
exposure risks to guide efficient adaptation (Mendelsohn, 2000), which includes exploring 
opportunities to reduce these risks through changes in agricultural practices. 
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2.2 Factors affecting coconut yield 
The yield of coconut is determined by the combination of genetic and environment factors 
along with the level of management, soil conditions and pest and diseases affecting coconut 
cultivation (Menon and Pandalai, 1958). Variety is the main genetic factor that determines the yield 
of coconuts. The widely grown coconut variety in Sri Lanka is the “Sri Lankan Tall”. Average number 
of bunches produced by the palm within a year is genetically determined and it is 12-14 bunches per 
year for the Sri Lankan Tall variety (Perera et al., 2014).  
The full expression of the above genetic potential of a coconut palm to produce its full yield 
is depended upon the production environment, primarily weather and management. Rainfall, rainfall 
distribution and temperature are considered as the most important weather factors, while fertilizer 
application and soil and water management are the most important management practices (Nair, 
2010). 
To perform optimally, the coconut palm requires a well-distributed rainfall of 1,500–2,300 
mm/year, mean temperature of 27-29 0C with a diurnal variation of 5-7 0C and 2,000 sunshine hours 
per year with at least 120 h per month (Child, 1964, Mahindapala and Pinto, 1988). Variations from 
these optimum climatic conditions results in variations in growth and reproductive performance 
owing to effects on different palm physiological parameters. Hence, variation from optimal growing 
conditions results in suboptimal yield performance in commercial coconut plantations. For instance, 
the functional leaf area index, dry matter production and yield could decrease in coconuts grown in 
the tropics if the temperature during April to July were to increase beyond 40 0C (Kumar et al., 2008). 
Moreover, the photosynthetic rate of coconut palm is affected by several parameters. It has been 
proved that high ambient leaf temperature and high vapour pressure deficit (Rajagopal and Bai, 2002), 
low water potentials (Repellin et al., 1994, Rajagopal and Bai, 2002), stomatal and non-stomatal 
limitations (Gomes et al., 2008) could affect the photosynthetic rate, leading to reduced dry matter 
accumulation and yield. Most of these are environmental related parameters and hence amenable to 
management influence.   
What is important to note, in the context of adaptation is that it is not the average conditions 
that matter in determining optimal performance, but exposure to unfavourable extremes, that are 
typical of climate change observations. The choice of adaptation options and the incentives for 
adaptation are largely determined by the production setting, and the next section briefly reviews the 
coconut production setting in Sri Lanka. 
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2.3 Coconut production setting in Sri Lanka 
2.3.1 Production and Exports 
Since the systematic cultivation of coconut commenced as a plantation crop by the British in 
1841 for exports, the coconut cultivation has developed widely across Sri Lanka, competing well with 
the other two major plantation crops, tea and rubber. Its versatility as a multi-use crop, and its 
suitability for smallholder production, and in particular its ability to be incorporated within a multi 
enterprise farming system are some characteristic features governing its widespread use as an 
economic land use. Even though Sri Lanka remains a major supplier of coconut based-products for 
the world market, its importance in terms of world market share has declined in recent decades due 
mainly to production constraints, some of which will likely intensify in the future due to climate 
change and rapid urbanisation (Pathiraja et al., 2015, Marawila et al., 2011).  In this section, the focus 
will be on production and productivity variation.  
The coconut industry plays an important role in the economy as well as in the social and 
cultural life of Sri Lanka. However, its contribution to the national economy is at a declining trend. 
Contribution of the coconut sector to GNP was 15 per cent in 1950, whereas in 2015 it was only one 
percent. This has followed a general decline in the share of agriculture in the GDP, which has 
decreased to 27 per cent in early 1980s and to 8.1 per cent in 2015. Correspondingly, the services 
sector has increased its share of GDP to 45 per cent and then to 56.3 per cent respectively during the 
same period. This has occurred as Sri Lanka became a transitional economy with the structural 
transformation of the country from a highly agriculture-based economy toward an industry and 
service sector-oriented economy. However, agriculture sector still remains the major employer 
accounting for 28.2 per cent of the employed labour force (Central Bank of Sri Lanka, 2015).  
A similar trend was observed in terms of export earnings from the coconut sector. 
Contribution of the coconut sector to national export earnings was as high as 15 per cent in 1950s but 
has drained off to around three per cent in 2015 (Central Bank of Sri Lanka, 2015). Even though these 
figures are modest, the coconut industry still plays an important role in the economic, social and 
cultural life of Sri Lanka.  
Coconut consumption in Sri Lanka is unique as it is the major source of edible oil and main 
ingredient in culinary preparation and in the daily diet of Sri Lankans. Domestic culinary consumption 
absorbs 62 per cent of annual coconut production. Coconut supplies about 15 per cent of the daily 
calorie intake of an average consumer, which is second only to rice, the staple food. Besides direct 
consumption as dietary constituents, tender coconuts, toddy, arrack, treacle and jaggary are used as 
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other domestic food and beverages. An average household spends about 6.2 per cent of its total food 
and drink expenditure on coconuts (Department of Census and Statistics, 2015a).  
Annual national coconut production is the key factor that determines the level of domestic 
consumption and exports of coconut-based products, as importation of coconuts is not permitted. The 
total national coconut production in the country has fluctuated around the mean of 2,500 million nuts 
with a maximum of 3,096 million nuts in the year 2000 and a minimum of 1,821 in 1977, during the 
1950 to 2014 period. This suggests a marginal increasing trend due mainly to slight improvements in 
the yield of coconuts. Around 80 per cent of coconut production is absorbed by the domestic 
consumption. Exports thus represent a residual activity. The surplus for exports has thus showed a 
declining trend and the gap between coconuts distributed for domestic consumption and exports has 
been widened during this period.  
  
 
 
Figure 2-2 Production and exports of coconuts 
 
The main reason for the widening gap between production and exports is the increasing 
demand for domestic consumption. The increasing trend in domestic consumption is obviously due 
to the increasing demand from the growing population. This is further evidenced by the declining 
trend of per capita availability of coconuts suggesting that the coconut production has not increased 
sufficiently with the demand of increasing population. The fact that coconut is grown largely in close 
proximity to urban centres in the West coast of Sri Lanka and increasing pressure for urban expansion 
means that any future increases in coconut production would require substantial improvements in 
coconut yield. 
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Even though the residual coconut production after meeting the domestic demand is exported, 
Sri Lanka produces the vast majority of coconut-based products for the international market. The 
coconut-based industrial sector in Sri Lanka comprises a well-established formal sector and a large 
informal sector scattered mostly throughout the main coconut growing areas. The formal sector is 
comprised of export-oriented industries and small and medium scale processing units. The informal 
sector comprises the cottage-based industries, engaged in the manufacture of a range of products and 
by products, mostly for the domestic market.   
However, Sri Lanka has lost its competitiveness of its traditional kernel-based exports in the 
international market. Desiccated coconuts (DC) and coconut oil are the two main exports from the 
beginning. Coconut oil, derived from the dried coconut, copra, was an important export earner from 
the beginning to 1980s, exporting 40 per cent of its production, but has decreased continuously in 
successive decades to a negligible amount at present. Currently, coconut oil production is not 
sufficient even to meet the total edible coconut oil requirement of 77,788 MT in the country. The two 
main DC suppliers, The Philippines and Sri Lanka accounted for more than 50 per cent of the total 
world DC supply during last several decades. However, the world market share of Sri Lankan DC 
has decreased from around 40 per cent in 1970 to 10 per cent in 2013, replaced by Indonesia as the 
second amongst major DC exporters since 2005. 
2.3.2 Policy Environment 
Coconut is a politically sensitive crop in Sri Lanka and hence the policy focus is on meeting 
domestic market needs. The policy direction guiding the Sri Lanka coconut industry over recent 
decades is characterized by consumer protection, at the expense of producers and exporters. An 
average Sri Lankan consumer spend 6.2 per cent of his total expenditure of food on coconuts 
(Department of Census and Statistics, 2015a). Thus, any rise in the market price of coconuts has 
substantial impact on the cost of living. Therefore, government takes measures to keep the consumer 
price of coconuts low. The government has taken policy decisions to reduce consumer price in several 
occasions in the past, and this trend is likely to continue.  For example, the year 1973 experienced the 
lowest coconut yield during the 1950 to 1980 period, due to severe drought in 1972 and a fall in the 
level of fertilizer application. Coconut yield in 1972 was 2,963 million nuts and it was severely 
decreased by 34.7 per cent that is to 1,935 million nuts in 1973. Therefore, the government banned 
the exportation of copra and coconut oil. This policy has surfaced consistently during lean crop 
periods, creating a source of uncertainty for investors. 
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The primary goal of this study is to assess empirically the available data on climate change 
and then identify potential effects of those changes on the coconut sector in Sri Lanka. This study is 
conducted in two parts to achieve these goals. First, changes in selected climatic variables are 
analysed with graphical presentations, using statistical analysis to identify significant changes. 
Second, the impacts of climate change are quantitatively verified. More precisely, the observed 
changes in rainfall and temperature on the production of coconuts is quantitatively assessed. The 
subsequent Chapter will use this analysis of patterns of climate variability and change as an evidence 
base to develop a set of adaptation responses and illustrate how analytical information can aid policy 
makers in developing appropriate interventions.  
This study is arranged as follows. Section 2.4 focuses on investigating changes in the 
production environment for coconuts. This section comprises two subsections; the data and research 
methods, and a discussion of empirical results. Section 2.5 assesses how the changes in production 
environment would affect coconut production. This section again consists of two subsections; the 
research methods applied and the discussion of empirical findings. Section 2.6 provides common 
conclusions for both aspect of the study included in this Chapter.            
2.4 Changes in the production environment 
2.4.1 The data 
The variations in observed rainfall and temperature are explored in this study, as they are the main 
climatic variables influencing coconut production. Average annual rainfall and temperature records 
for sites within the coconut triangle were obtained for the 1950-2014 period from the database of the 
Coconut Research Institute of Sri Lanka. The data were originally collected by the Department of 
Meteorology of Sri Lanka. IPCC definition of climate change was used for the study. World 
Meteorological Organization has defined ‘climate normal’ as three-decade average of meteorological 
parameters including temperature and precipitation. Hence, average rainfall and temperature for 
1961-1990 was considered as the ‘climate normal’ which represents the long-term climatic 
conditions. Anomalies were calculated based on these values. In this stage of the analysis, the annual 
averages of rainfall and temperature were considered as the main climate variables that affect coconut 
production. However, in the case of rainfall, for optimal coconut production, not only the quantity of 
rainfall but the rainfall distribution is equally important. Therefore, the quarterly rainfall was 
considered in the analysis to account for variations in annual rainfall distribution.    
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2.4.2 Methods 
Evidence for climate change in the main coconut growing areas were explored using several 
visualization and statistical methods. Visual representation of analyses was developed using 
spreadsheets in Microsoft Excel in conjunction with a statistical trend test using R software to 
further validate any significant changes in observed climate variables.    
2.4.2.1 Visual analytics  
In graphical presentation, one way to observe variation is to plot rainfall and temperature 
anomaly – the departure from normal, compared to a reference value over the comparison period. As 
stated earlier, the long-term average for the period 1961 to 1990 was considered as the reference 
value. A positive anomaly indicates that the observed values of the climate variable over the 
comparison period are greater compared to the long-term average. Similarly, a negative anomaly 
indicates that the observations over the comparison period are smaller compared to the reference 
level. Such comparisons between a climate normal and the current climate for key production-related 
climate variables provides a useful way to assess significant changes in trends in the production 
environment. Another way to present changes graphically is to use time series plots for variables 
under consideration. These two graphical methods were used in the first part of the study.   
2.4.2.2 Statistical analysis 
Often, statistical analysis is used to identify patterns of changes in environmental variables.  
There are two common approaches: a) building process models that represent underlying processes 
governing production and b) to analyse available data concerning production to identify relationships 
and analyse trends in key variables to compute and explain the nature of changes over a period of 
time (Chandler and Scott, 2011). “Trend is long-term temporal variation of statistical properties of a 
process, where ‘long-term’ depends upon the application” (Chandler and Scott, 2011). Trend analysis 
in environmental assessments can help to a) describe past behaviour b) to understand the reasons 
behind a particular change, c) to evaluate likely future scenarios and d) to inform policy decisions.  
Previous studies to evaluate long-term trends in rainfall have used a range of methods to 
discern trends. The linear regression analysis (Conway, 2005) and Mann-Kendal and Sen’s t test 
(Tesemma et al., 2010) are useful to detect trends in both seasonal and annual rainfall.  
 
In time series analysis, a trend can be represented as; 	𝑦# = 	𝛽& +	𝛽(𝑡 +	𝜖# 
20 
 
 
Where, yt  is the dependent variable (for which the trend is analysed), t is time, β0 is a constant, 
β1 is the coefficient of time trend and ϵt is the stochastic error term with mean zero and constant 
variance. If this representation satisfies the assumptions of the linear regression model, interpretation 
of the results can be continued. However, the time series nature of data may violate some of the 
assumptions and may give rise to problems of autocorrelation and heteroscedasticity. In a time series, 
autocorrelation occurs when the statistical errors are correlated over time. That is ϵt is correlated with 
ϵt-1 that is the assumption of no correlation in error terms is violated. In general, this is an undesirable 
property for many statistical estimations. This is a serious issue in trend analysis, as most of the 
occasions, we use time series data where autocorrelation in observed variables and unobserved error 
term is possible. When autocorrelation is present, the estimated regression coefficients are still 
unbiased, but they no longer have the minimum variance property and the confidence intervals and 
inference procedures are no longer strictly applicable, making them inappropriate for policy analysis. 
In this context, Mann-Kendall trend (Mann, 1945, Kendall, 1962) test can be applied to assess 
long term upward or downward trends in observed climatic variables. This test is widely applied to 
statistically detect the long-term trend in meteorological time series (Brunetti et al., 2000, Silva and 
Sonnadara, 2016). This is a non-parametric and rank-based test, and requiring no assumptions for 
distributional properties (Kendall, 1962, Mann, 1945). This test calculates the Kendall’s Tau S 
statistic and the null hypothesis is that there is no trend in the data series under investigation. There 
is a provision to use this test under the presence of autocorrelation (Hamed and Rao, 1998). This S 
statistic value can be calculated based on pairwise comparisons of each observed value j with all 
preceding observation of i, if a pair of observed value are xi, xj (i>j) are two adjacent data points of 
a meteorological variable having the sequence of x1, … xn, where n is the number of observations.  
The S statistic is calculated as; 
 𝑆 = ∑ ∑ 𝑠𝑖𝑔𝑛(𝑥3 − 𝑥565738(69(37( ) 
Where   𝑠𝑖𝑔𝑛:𝑥5 −	𝑥3	; = 	< 1, 𝑖𝑓	:𝑥5 −	𝑥3; > 00, 𝑖𝑓	:𝑥5 −	𝑥3; = 0−1, 𝑖𝑓	:𝑥5	 − 	𝑥3; < 0C 
The S is assumed to be approximately normally distributed with expected value E(S) = 0 and 
variance Var(S) (Kendall, 1962); 𝑉𝑎𝑟(𝑆) = 	 1𝑛 H𝑛(𝑛 − 1)(2𝑛 + 5) −	K𝑡(𝑡 − 1)(2𝑡 + 5)# L 
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Where t is the time period. When S is a large positive number xj tend to be larger than xi and an 
upward trend is realised. The standardised Z value could be calculated; 
 
𝑍 = 	 N −1, 𝑖𝑓	𝑆						 < 0O8(PQRS(O) , 𝑖𝑓	𝑆 > 00, 𝑖𝑓	𝑆							 = 0 T  
The significance level of the trend is identified by comparing the absolute value of Z to the 
critical value of a standard normal distribution. If |Z| > Z1-α/2, the null hypothesis there is no trend is 
rejected, where Z is the standard normal variate and α is the significance level for the test.    
The test statistic i.e. Kendall’s tau statistic (τ) is computed as; 𝜏	 = 	 𝑆𝑛(𝑛 − 1)/2	 
This value ranges from -1 to +1. The null hypothesis of no trend is rejected when S and τ are 
significantly different from zero. The output of R software package produces τ value and 2-sided p-
value for testing the hypothesis. If τ is positive value it suggests the presence of an upward trend. 
When the trend is significant the rate of change can be calculated using the Sen slope estimator 
(Campa et al., 2002).  
2.4.3 Results and Discussion 
The results are presented in two subsections. First part of the chapter provides the results of the 
graphical presentation while second part provides results of the statistical analysis. 
2.4.3.1 Graphical presentation of observed meteorological variables  
In this section, changes in rainfall and temperature patterns are studied statistically.  
Descriptive statistics of the data are in Table 2-1. The average annual rainfall for 1950-2014 was 
1,951 mm per annum with a minimum of 1,363 and a maximum of 2,537 mm per year. 
Table 2-1 Descriptive statistics 
Variable Minimum  Maximum Mean SD 1st Quantile 3rd Quantile 
Rainfall (mm) 1363 2537 1951 268.5 1763 2196 
Temperature (0C) 26.1 27.7 26.86 0.36 26.6 27.1 
Drought months (number) 0.79 6.29 2.5 16.43 2.0 3.1 
Rainy days (number) 104.0 189.1 142.5 0.98 133.3 151.9 
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The observed total annual rainfall in the main coconut growing areas showed a decreasing 
trend over the 1950-2014 period (Figure 2-3). It is also evident that the rainfall distribution has also 
changed. This featured by a decreasing trend in the number of wet days (Figure 2-4) while the number 
of drought months showed an increasing trend (Figure 2-5) over the same period. This indicates that 
the quantity of rainfall and the distribution of rainfall has both declined over the study period. As both 
the total rainfall and its distribution are of interest to coconut production, these changes would have 
important implications for coconut productivity.   
This trend analysis agrees with some of the previous findings while contradicts with others, 
as is often the case where rainfall trends and direction in different studies are found to be diverse 
spatially and over time. For instance, Ampitiyawatta and Guo (2010) analysed the rainfall trends in 
Kalu Ganga river basin in the low country wet zone, using annual and monthly data for the period 
1965-2004 (which includes part of the period of the current study) and revealed a declining trend. 
This area is inside the primary coconut growing region. Further, Jayathilake et al.,  (2012) using mean 
annual rainfall of 65 stations in the south-western part of the country observed  a shrinking rainfall 
pattern during 1980-1992 and 1993-2007. This trend was not limited to the low country but was also 
observed in Nuwara Eliya in the upcountry (Chandrapala, 1996, Domroes, 1996, Wickramagamage, 
1998).  
It has been noted that the south-west monsoon has brought lower rainfall during the period of 
1981 to 2010 throughout the country (Wickramagamage, 2016). This has accompanied decline in the 
Indian summer monsoon over the Indian subcontinent. Further, Rainfall and its distribution in Sri 
Lanka are influenced by variations in the El Nino and La Nina phases (Vialard et al., 2011). However, 
some studies contradict this finding and have shown that the mean annual rainfall has not changed 
significantly (Chandrapala, 1996, De Costa, 2008). Often, trend analysis of rainfall has shown low 
goodness of fit, represented by low R-square values. In some studies, R-square values were between 
0.06 to 0.2 (Wickramagamage, 2016). Moreover, R-square values for rainfall and rainfall related 
variables are low compared to that of temperature estimates. This is due to high variation in rainfall 
within and between years.   
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Figure 2-3 Rainfall variation in primary coconut growing regions 
          
 
 
Figure 2-4 Number of Rainy days in the coconut triangle 
 
 
Figure 2-5 Drought months in the coconut triangle 
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2.4.3.2 Rainfall anomaly  
The calculated rainfall anomaly, compared to the presumed climate normal, illustrated in 
Figure 2-6 shows a notable negative trend. This decreasing trend in the rainfall anomaly is associated 
with an increasing trend in the anomaly of drought months (Figure 2-7) and a decreasing trend in the 
number of rainy days (Figure 2-8).  
      
 
Figure 2-6 Anomaly in rainfall 
 
 
Figure 2-7 Anomaly in drought months 
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Figure 2-8 Anomaly in rainy days 
 
2.4.3.3 Graphical presentation of mean annual temperature change 
A time plot of temperature data for the period 1950-2014 (Figure 2-9) shows a distinct 
increasing trend. This is further highlighted in the graph that shows the temperature anomaly (Figure 
2-10) in comparison to the climate normal. The estimated R-squared values for the temperature 
estimates show comparatively higher values than for the rainfall variables because the variation in 
temperature within and between years are much lower than for rainfall. Since Sri Lanka is a tropical 
country temperature variation is limited, but the increasing trend is quite noticeable.     
 
  Figure 2-9 Variability in temperature 
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Figure 2-10 Anomaly in temperature 
 
Even though the above graphics show a decreasing trend in rainfall and its distribution and an 
increasing trend in the temperature, it is important to investigate whether these changes are 
statistically significant. The results of the econometric analysis undertaken for this purpose are 
presented in the next sub-section.  
2.4.4 Statistical analysis of trends 
The visual analysis indicated notable changes in climate in the main coconut growing areas 
of Sri Lanka. These changes may be due to short-term or long-term variations in the climate. Hence, 
Mann-Kendall trend test is implemented to investigate the presence of monotonic long term upward 
or downward trend with a null hypothesis of no trend in the data series at a 10 per cent significance 
level.  
However, before using the Mann-Kendall test, it is essential to investigate the presence or 
absence of serial correlation in the data series under investigation. If serial correlation or 
autocorrelation exists, the Mann-Kendall test should be used in conjunction with block bootstrapping 
to capture the serial correlation present in the data series under investigation. If not, the Mann-Kendall 
test can be applied directly. Presence of serial correlation was examined with the aid of 
autocorrelation and partial autocorrelation functions presented in Figure 2-11 below.  The data series 
of rainfall and drought months did not show any significant serial correlation and hence proceeded 
with the Mann-Kendall trend test. While the number of rainy days and temperature variables showed 
significant serial correlation (Figure 2-12) and the testing procedure continued in conjunction with 
bootstrapping. Sen’s slope technique was used to estimate the slope and the intercept, using the R 
software package.  
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Figure 2-11 Autocorrelation and partial autocorrelation function 
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Figure 2-12 Autocorrelation and partial autocorrelation function  
  
2.4.4.1 Trends in rainfall and temperature 
The evaluated trends in rainfall is presented in Table 2-2 for the period 1950-2014. Analysis 
confirmed that the rainfall in the coconut growing areas have shown a statistically significant (at 5 
per cent level) decrease over the long-run. This trend has also been evident in the neighbouring India 
for a long-term precipitation series (Pandy et al., 2017). The number of rainy days also followed a 
similar downward trend. While the temperature estimates showed a significant upward trend, the 
trend in the drought months variable was not statistically significant.  
The above analysis confirmed that over the period under investigation, significant changes in 
mean annual rainfall, the number of rainy days, number of drought months and daily minimum and 
maximum temperature have been observed in the main coconut growing area. Although the trend in 
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the number of drought months was not significant, it is reasonable to hypothesise that coconut 
production in the country is likely to be affected by the changing climate. Therefore, the next step 
was to investigate the effect of climate change on coconut production.   
 
Table 2-2 Trends in climatic variables 
Variable τ value p-value Sen’s slope 95% CI for slope 
Rainfall -0.2 0.019* -4.79 -0.73 to -8.43 
Drought months 0.078 0.36  - - 
Rainy days -0.42 0.00* -0.49 -0.34 to -0.66 
Temperature 0.67 0.00* 0.016 0.018 to 0.013 
*Significant at 95% probability.  
 
2.5 Yield variability of coconuts in a changing climate  
2.5.1 Overview 
The annual national coconut production is the key factor that determines the level of 
coconut sector contribution to the national economy of Sri Lanka. The variation in observed 
coconut yields is the key dynamic that influences the degree of significance of this contribution, 
which is mainly driven by climate variability. Hence, the objective of this section is to model yield 
variability of coconut in the context of observed climate change.  
The literature includes two main approaches to quantitatively model crop yield variability 
in the presence of climate change. The first approach is based on the use of historical data to 
identify the effects of weather variables on the mean and variability of crop yield using regression-
based methods (Adams. et al., 1995, Chen et al., 2004, Adams. et al., 2001, Isik and Devadoss, 
2006, McCarl et al., 2008, Kim and Pang, 2009). The other approach uses climate scenarios and 
agricultural crop models to simulate the climate related impacts on the mean and variability of 
crop yields (Wang and Liu, 2011, Xiong et al., 2009, Torriani et al., 2007). In both these 
approaches, the focus has been to estimate the impacts of weather variables on the mean and 
variability of crop yields. In addition, some other studies have attempted to estimate the impacts 
of change in climatic variables on crop yield distribution (Sherrick et al., 2004, Tack et al., 2012).    
In this study, the first modelling approach mentioned above was chosen, which uses 
historical data to investigate the impacts of climate change on mean crop yield and variability. 
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However, no previous study has taken account of nature dependent uncertainty in the production 
function in assessing climate change impacts for coconuts. Here a state-contingent production 
function that accounts for weather-dependent states of nature, is developed to estimate the impacts 
of climate change on mean crop yield, following visual analytics.   
We define rainfall variability as the primary driver of production variability in established 
coconut groves. These are shaped by climate, hydrology, coconut stand characteristics, such as the 
degree of incorporation of companion crops (intercropping), as well as other management practices 
undertaken to mitigate the sensitivity of the production system to exposure to weather variability. 
Since coconut is a perennial crop with over 60 years of economic life span, a prolonged reproductive 
phase is a significant character. It takes 44 months from flower initiation to produce a mature nut 
(drupe) that has reached the harvesting stage. The inflorescence, which consists of both male and 
female flowers, are protected from exposure during growth, having enclosed in a spathe. The pre-
fertilization period is 32 months from the initiation of flower primordium to opening of spathe. After 
the spathe is open, it takes further 12 months for the female flowers to develop into a mature coconut 
suitable for harvest.  
Each and every stage of nut development is sensitive to soil moisture availability and 
temperature to varying degrees. As coconuts are primarily grown as a rain-fed crop, the proportion 
of button nuts (female flowers after fertilization) that fall prematurely from the inflorescence is 
closely related to total rainfall and the minimum air temperature (Peiris and Thattil, 1998, Peiris et 
al., 1995). The optimum temperature for pollen germination of coconuts is around 28 0C in laboratory 
studies, while the maximum can go up to 39.7 0C (Ransinghe et al., 2015). The relative humidity and 
temperature also play a key role in nut development (Kumar et al., 2009). How droughts affect 
coconut production will therefore depend on the duration and intensity of drought. Depending on 
varying degrees of drought exposure, the coconut palm is sensitive to crop failure due to reduced 
fertilization, button nut fall, immature nut fall, and losses due to death of seedlings, immature and 
mature palms.    
The available soil moisture, which is mainly determined by climate, hydrology and drainage, 
is a key factor that determines coconut production.  Coconuts perform well in the absence of moisture 
stress and produce moderately under a minimum period of moisture stress (Somasiri et al., 1994). 
Coconuts grown in drought-prone gravelly soil is often subjected to periodic moisture deficits during 
the dry season (Abeywardena, 1971). Therefore, the coconut production closely correlates with 
rainfall, and rainfall is an important predictor of coconut yield (Abeywardena, 1971, Abeywardena 
and Fernando, 1963, Peiris, 1993, Peiris, 2006, Peiris et al., 2008).  
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This study uses a time series data set representing the national level production, seeking to 
explain patterns in the observed coconut production in Sri Lanka, by examining the effect of rainfall 
and temperature variability on coconut yield. Although coconut producers face many sources of 
uncertainty, the perennial nature of the coconut crop exposes them particularly badly to unfavourable 
states of weather, due to the physiological factors underlying the production response as stated above. 
2.5.2 Methods 
Many studies have investigated the impact of climate change on crop variation with stochastic 
production function specification developed by Just and Pope (1978) to estimate the effects of  input 
vector on the output vectors. Many of the stochastic production functions have used only climatic 
variables and technological change as independent variables to estimate crop yield impacts (Chen et 
al., 2004, Peiris et al., 2008).  
A stochastic production function can be represented as equation (1) where random output z is obtained 
from using a vector of x of inputs and ε is a vector of randomly occurring states. In this study inputs 
x are climatic variables. 
z = f(x, ε)      (1) 
while a state-contingent production function is represented in equation (2). Here zs is the output 
obtained in state s, and fs(x) are the inputs required by state s, to produce zs and S equals the total 
number of states. Trend is represented in t which captures technological improvements.  
zs = fs(x) + t      (s = 1, 2, ..., S)   (2) 
Uncertainty is represented by a set  
S  = {1, 2, …, S}, 
where each element of S is referred as state of nature which is selected by the nature for example wet, 
dry or normal climatic conditions.  
  The presence or absence of autocorrelation can be detected using the Durbin Watson test. If 
the autocorrelation is present, we need to alter our model. In order to capture autocorrelation and 
dynamics from all sources, lagged dependent variables and lagged independent variables, and serially 
correlated errors, Autoregressive distributed lag (ARDL) models can be employed (Hill. et al., 2011). 
The inclusion of additional assumption in a multiple regression model, 
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𝑦# = 	𝛽( +	𝛽W𝑥3W + ⋯+ 𝛽Y𝑥3Y +	𝑣# 
where some of the xit may be lagged values of dependent variable, vt is uncorrelated with all xit and 
their past values with zero mean and constant variance can be assumed in such a situation. 
Another assumption of least square estimation is that variance for all observations are the 
same. In this situation, it is said that homoscedasticity exists. If this is violated, that is variance for 
observations are different, heteroscedasticity results. Heteroscedasticity can be detected by several 
tests as Breusch-Pagan test and White test. If the hypothesis test suggested the existence of 
heteroscedasticity, the standard errors for least square estimators are not appropriate. However, 
econometrician, Hal White, has suggested consistent estimator for this variance, in both simple 
regression and multiple regression. The resulting standard errors are known as White’s 
heteroskedasticity-consistent standard errors or heteroskedasticity robust standard error or robust 
standard error. The procedure, of White’s estimator for standard errors facilitates to avoid computing 
incorrect interval estimates or incorrect values for test statistics in the presence of heteroskedasticity.  
The time series data used in empirical analysis assume that the data under investigation is 
stationary.  A stochastic process is called as stationary if its mean and variance are constant over time. 
The covariance between two time periods do not depend on the actual time at which the covariance 
is computed but it depends on the distance/gap/lag between two time periods. If a time series or 
stochastic process has zero mean and constant variance and is serially uncorrelated it is considered as 
a purely random or white noise, process. It denotes as ut ~ IIDN (0, σ2); it means that the error term 
ut is independently and identically distributed as a normal distribution with zero mean and constant 
variance. Even though stationary time series is required for empirical studies, most of the economic 
time series data follow random walk, that is they are nonstationary, indicating that the time series has 
a mean varying with time or variance changing with time or both. There are two types of random 
walk models; a) random walk without drift (no constant or intercept term) and b) random walk with 
drift (intercept is present). When time series at time t (Yt) is regressed on its one-year lag value (Yt-
1) and random error ut; 𝑦# = 𝜌𝑦#9( + 𝑢# 
If ρ = 1 a unit root problem exists, where the stochastic process is nonstationary. In empirical work, 
it is important to find out whether the stochastic process under consideration is stationary. Unit root 
tests are widely used in literature to test for stationarity in a time series data. If we consider the 
following random walk model without drift;  
Yt = ρYt-1 + ut   
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Where, Yt is stochastic process, Yt-1 is one lag of the stochastic process, ρ is coefficient and ut is white 
noise error term. If ρ = 1, it is known as unit root problem and time series is nonstationary. The t-test 
cannot be used to find out the statistical significance of estimated ρ since t value of estimated 
coefficient does not follow the t distribution even if the sample is large which says that it does not 
have asymptotic normal distribution. It follows the ι (tau) statistics. DF test is estimated in three 
different forms to capture different possibilities and it is assumed that error term ut, is uncorrelated. 
 
ΔYt = δYt-1  + ut     
ΔYt = β1 + δYt-1  + ut     
ΔYt = β1 + δYt-1  + β2t + ut     
 
Where β1 is a constant and t is time or trend variable. Null hypothesis in all cases is that δ = 0; 
indicating there is a unit root and the stochastic process is nonstationary. Alternative hypothesis is δ 
is less than zero; indicating stochastic process is stationary. Yt is a stationary stochastic process if the 
null hypothesis is rejected. It should be decided that which of the above models is the best. If the 
estimated coefficient δ is positive it is left out because δ = (p-1), so P > 1.  
 
It is recommended to use seasonally unadjusted data for unit root analysis. There are two serious 
problems in unit root tests. One problem is unit root statistics can be biased against rejecting the null 
hypothesis when seasonally adjusted data is used. One of the assumptions of unit root test is that the 
process generating the data has been stable over the entire period. The second problem is that the test 
is very sensitive to the above assumption. Further, in DF test it is assumed that the error term is 
uncorrelated. 
In the presence of correlated error terms, augmented DF (ADF) test can be used by including lagged 
difference terms to the regression model to capture possible serial correlation in the error term. The 
following regression (3.15) is estimated in the ADF test. 𝛥𝑌𝑡 = 𝛽1 + 	𝛽2𝑡 + 	𝛿𝑌	𝑡 − 1 + ∑ 𝛥𝑌𝑡3`7( − 𝑖 + 𝜀                                                     
 
Number of lag difference terms to be included in the equation is determined empirically. Null 
hypothesis is same as in the DF test and same critical value can be used. Augmented Dicky-Fuller 
test is used to determine the stationary property of the variables.  
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2.5.3 Estimation 
To identify climate variability related impacts on the variability of coconut production, 
coconut production data was regressed with rainfall, temperature and their interaction (climate 
variables). These types of models where agriculture production variability is explained only by 
climatic variables are used in several studies (Peiris et al., 2008, Ray et al., 2015, Chen et al., 2004). 
If variables are stationary, analysis is continued with multiple linear regression or if variables are non-
stationary ARDL (autoregressive distributed lag) model is used. It is most likely the variables are 
nonstationary.  
Previous studies indicate that the quarterly rainfall in the preceding year best represents the 
weather variability on coconut production (Peiris et al., 2008). Hence, the model; 𝑦# = 𝑦#9( + 𝑥(# + 𝑥W# + 𝑥b#9( + 𝑥c#9( + 𝑥d#9(	 + 𝑥e#9( + 𝑡  
 
Where  
yt = annual coconut production at time t 
yt-1 = annual coconut production at time t-1 
x1t = annual average rainfall at time t 
x2t = annual temperature at time t 
xJt-1 = rainfall in quarter 1 at time t-1 
 xAt-1 = rainfall in quarter 2 at time t-1 
 xDt-1 = rainfall in quarter 3 at time t-1 
xOt-1 = rainfall in quarter 4 at time t-1 
t = trend 
Time series variables were tested for stationarity using Augmented Dicky-Fuller test. This 
test has three alternative representations: a) no constant b) with constant but no trend c) with constant 
and trend. Visual observations of time series plots were used in selecting the suitable Dickey-Fuller 
test (Hill. et al., 2011). We reject the null hypothesis of nonstationary if the test statistic was less than 
or equal to the critical value.    
According to time series plots, the test equation that includes the constant and trend was 
selected for rainfall, temperature and coconut production. All lagged rainfalls except in quarter 4 were 
consistent with a trend and the constant. One-year lagged rainfall in quarter 4 produced a model 
without trend. The results of the Augmented Dicky-Fuller test are presented in Table 2-3.    
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Table 2-3 Results of the Augmented Dicky-Fuller test 
ADF test  ADF test statistics 
 Rainfall Temperature Coconut 
production 
Rainfall in t-1 
 Q1  Q2  Q3  Q4  
With constant, with trend -2.47 -3.13 -2.17 -2.46 -1.87 -1.77 -2.21 
Critical value at 5% level -3.46 -3.489 -3.53 -3.53 -3.53 -3.53 -1.69 
 
The above results confirmed that all variables, except that for the one-year lagged rainfall in 
the fourth quarter are consistent with nonstationary time series. For the estimation of the production 
function, a Cobb-Douglas formulation was used.      
The results of the estimation under state general production approach using Cobb-Douglas 
production function is summarised in Table 2-4. None of the interaction terms were significant and 
the results presented in Table 2-4 were obtained after removing non-significant interaction effects. 
The one-year lagged second quarter and one-year lagged fourth quarter rainfall and labour were 
statistically significant.        
Table 2-4 Estimation results state general production approach 
Dependent variable: coconut production 
Independent variables Coefficient Std. Err 
(robust) 
P>t 
Rainfall of current quarter (m/quarter)  0.19 0.24 0.44 
One-year lagged rainfall (mm/year) 0.55 0.14 0.001* 
Two-year lagged rainfall (mm/year) 0.32 0.16 0.057 
Three-year lagged rainfall (mm/year)   0.01 0.78 0.88 
First quarter rainfall in the previous year (mm/quarter) 0.02 0.01 0.24 
Second quarter rainfall in the previous year (mm/quarter) -0.09 0.06 0.18 
Third quarter rainfall in the previous year (mm/quarter) 0.03 0.04 0.33 
Fourth quarter rainfall in the previous year (mm/quarter) 0.03 0.09 0.77 
Temperature (0C) -0.89 2.12 0.67 
Time trend 0.005 0.001 0.00* 
Constant  -8.62 6.89 0.22 
 
According to the results presented in Table 2-4, one-year lagged rainfall is the most significant 
variable among rainfall variables that determines the annual national coconut production. This finding 
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is consistent with the earlier research where the most influential rainfall on annual coconut production 
was found to be the first three months of the previous year (Peiris, 1993) and the annual national 
coconut production was found to be more influenced by the rainfall of the preceding year than the 
coincident year (Peiris et al., 2008).  
The main reason behind this finding is the time lags between the initiations of flower 
primordia to harvesting of mature nuts. At the initial stages of flower development, the inflorescence 
is covered with the spathe once it opens there is a further time lag of 12 months before the nuts reach 
harvest maturity. Several studies have found that the effect of climate on coconut production is more 
critical after opening of the spathe (Gangolly, 1953, Abeywardena, 1955, Nambiar, 1969, Rajagopal, 
1996) as the inflorescence is completely exposed to the vagaries of the environment.   
In the estimation results, the adjusted R-square of the analysis is 0.27 and this compares well 
with the adjusted R-square of 0.30 revealed by the study of Peiris et al, (2008). The information 
content in the estimate is poor as shown by the low adjusted R-square as the yield of coconut is 
determined not only by climate but also a combination of factors relating to genetic, management and 
soil conditions (Menon and Pandalai, 1958). Moreover, the climate exposure throughout the country 
varies significantly as climatic conditions, specially the rainfall, vary depending on the location.  
The next step in the estimation process was to explore if the coconut production function 
estimated above was in fact sensitive to different states of weather, denoting favourable and 
unfavourable states of nature, as classified by the observed rainfall. The model estimates for the 
favourable and unfavourable states of nature contexts are presented below. 
Table 2-5 Model estimates for the favourable state of nature 
Dependent variable: coconut production – Favourable state of nature 
Independent variables Coefficient Std. Err 
(robust) 
P>t 
Rainfall of current quarter (mm/quarter) 0.73 0.37 0.06 
One-year lagged rainfall (mm/year) 0.62 0.17 0.001* 
Two-year lagged rainfall (mm/year) 0.22 0.21 0.31 
Three-year lagged rainfall (mm/year) 0.17 0.14 0.24 
First quarter rainfall in the previous year (mm/quarter) 0.73 0.37 0.06 
Second quarter rainfall in the previous year (mm/quarter) -0.03 0.02 0.21 
Third quarter rainfall in the previous year (mm/quarter) -0.17 0.10 0.11 
Fourth quarter rainfall in the previous year (mm/quarter) 0.03 0.09 0.77 
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Temperature (0C) -0.17 2.5 0.94 
Time trend 0.004 0.001 0.011* 
Constant  -11.67 8.5 0.18 
 
Table 2-6 Model estimates for the unfavourable state of nature 
Dependent variable: coconut production- Unfavourable condition 
Independent variables Coefficient Std. Err 
(robust) 
P>t 
Rainfall of current quarter (m/quarter)  0.68 029 0.75 
One-year lagged rainfall (mm/year) 0.13 0.56 0.001* 
Two-year lagged rainfall (mm/year) 0.21 0.16 0.41 
Three-year lagged rainfall (mm/year)   0.68 3.2 0.86 
First quarter rainfall in previous year (mm/quarter) 0.12 0.45 0.82 
Second quarter rainfall in previous year  -2.6 10.45 0.84 
Third quarter rainfall in previous year (mm/quarter) -1.3 5.3 0.84 
Fourth quarter rainfall in previous year (mm/quarter) -1.7 6.6 0.83 
Temperature (0C) 2.9 17.2 0.89 
Time trend 0.004 0.04 0.93 
Constant hours/1000 nuts) -99.2 5.14 0.87 
 
The historical data (1950-2014) for annual rainfall and rainy days in the main coconut growing 
areas revealed a significant declining trend (at 5 per cent level of significance) in the main coconut 
growing areas, indicating an increasing level of production uncertainty owing to the sensitivity of 
coconut production to observed changes in environmental factors. Hence, the development of 
management practices and technologies that could mitigate weather variability on coconut production 
seems highly important to manage attendant risks.  
The literature suggests that farmers can reduce the impact of weather variability by adopting 
soil moisture conservation practices (Hebber et al., 2013). Also, under certain settings, more effective 
fertilizer management, including the addition of a higher rate than the current rate could reduce the 
impacts of climate change (Hebber et al., 2013). Appropriate agronomic adaptations, such as soil 
moisture conservation, fertilizer application and weed management can not only minimize losses due 
to climate change but could improve productivity substantially (Kumar and Aggarwal, 2013). 
However, implementation of management practices incurs costs to farmers and assessing optimal 
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input combinations under increasing environmental uncertainty could help improve investment 
returns on coconut cultivation.  
Diversification of cropping, which in turn allows for more optimal agronomic management 
of the production system as a whole, is another viable adaptation strategy (IPCC, 2014). Hence, in 
the case of coconut production, incorporation of companion crops through intercropping with other 
suitable crops can be hypothesised as a viable option for mitigating risk of weather variability while 
opening up opportunities for supplementary income. Intercropping can have a positive impact on soil 
moisture conservation by changing ground cover and increasing organic matter build-up. Such 
practices could increase the water holding capacity of soil, thus helping to reduce the drought 
exposure.    
While the practice of intercropping is widespread in Sri Lanka amongst coconut smallholders, 
systematic intercropping is still a rarity. One of the main reasons for the slow take-up of systematic 
intercropping across coconut production areas is due to a lack of supportive information on the 
economics of intercropping possibilities.  In particular, viable combinations of crops have not been 
assessed in terms of their effectiveness in improving productivity and resilience. In this context, a 
state-contingent model that takes account of how a flexible technology set can actually allow better 
utilisation of resources in a heterogeneous environment can add more credible policy insights. 
 
2.6 Conclusions 
It can be concluded from the analyses presented in this Chapter that climate in the main coconut 
growing areas of Sri Lanka is changing with a noticeable time trend for both temperature and rainfall.  
Coconut production with respect to rainfall variability, can be treated as state-contingent as the 
differences in the production response under different states of nature (rainfall) were found to be 
statistically significant. The biology of coconut production, with its lagged exposure regimes to 
variations in moisture availability makes it particularly sensitive to climate change impacts. 
As coconut production is affected by the ongoing climate change, it exposes investors to risks 
and the analyses presented in this Chapter that quantitatively assessed the level of exposure to present 
weather variability is an important first step towards understanding adaptation options and 
implementing industry safeguards to future climate change (IPCC, 2014).   
While the analyses in this Chapter was focused at the national coconut industry, given the 
significant variation in rainfall and ecological conditions across the coconut triangle, it is important 
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to further assess patterns in the observed coconut production in Sri Lanka, by examining the effect of 
rainfall variability on coconut yield. This is explored in the next Chapter.  
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 Weather variability and coconut production in Sri Lanka: A State-contingent 
analysis 
 
3.1 Introduction 
 The purpose of this Chapter is to explain the patterns in the observed coconut production in 
Sri Lanka, by examining the effect of rainfall variability on coconut yield. Although coconut producers 
face many sources of uncertainty, the perennial nature of the coconut crop exposes them particularly 
badly to unfavourable states of weather, due to the physiological aspects of the underlying crop 
response.  First, once a coconut seedling grows to attain sexual maturity around 4 to five years 
of age, in the reproductive phase of coconut, the palm produces nearly one bunch of flowers 
(inflorescence) each month. Hence, following a growth period of 12 months, each of these bunch of 
flowers produces a harvestable bunch of coconuts on a monthly basis. For reasons of labour economy, 
coconut is usually harvested bi-monthly, allowing six harvests per year.  
Second, the regularity of this production pattern is influenced by the variability in the distribution of 
annual rainfall. Hence, a well-distributed rainfall is more conducive to optimal production of 
coconuts. Finally, in a given location, under a given rainfall distribution, local soil and management 
characteristics that can influence the effectiveness of available soil moisture primarily determine the 
realised yield of a coconut grove. These management practices will thus involve the selection of 
appropriate genetic material, soil and moisture conservation, crop nutrition and the incorporation of 
companion crops, known popularly as ‘intercrops’, which are inter-planted with coconuts, thus 
increasing the land utilization and the potential returns from investment.    
In this thesis, rainfall variability is taken as the primary driver of production variability in 
established coconut groves. The impact of rainfall variability is influenced by climate, hydrology, 
coconut stand characteristics, such as the degree of intercropping, as well as other management 
practices undertaken to mitigate exposure to weather variability.   
The analysis in the previous Chapter used a time series data set representing the national level 
production, to ascertain the nature of sensitivity of coconut production to climate variability. The study 
established that main coconut growing areas of Sri Lanka has undergone significant climate change 
and that the observed coconut yield has been affected by those changes. Given the national focus of 
the data set, it was difficult to account for management variability and soil conditions that together 
influence observed yields to a large extent. 
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In this Chapter, a limited panel data set from well-managed estates where the influence of 
managerial heterogeneity on observed yield is minimal is used. The ability to account for managerial 
and site variability offers a useful way to assess how uncertainty in weather variability affects 
production response. With this in mind, this data set is used to first establish the underlying 
relationships that can explain yield variability, and then to test whether the actual observed yield 
response during favourable and unfavourable states of nature (rainfall) are in fact different.  
3.2 The state-contingent approach to model uncertainty 
The idea of state-contingent approach was first introduced in 1950s by Arrow (1953) and 
Debreu (1959). The theory of production analysis under uncertainty is developed and generalized by 
Chambers and Quiggin (Chambers and Quiggin, 1997, Chambers and Quiggin, 1998, Chambers and 
Quiggin, 2000). In general, production is uncertain, whereas agricultural production is more uncertain 
compared to other production ventures. Presence of climate change exacerbates this uncertainty. 
However, if this uncertainty can be understood in terms of different states of nature, such as 
possibilities of weather, knowledge states or input regimes, appropriate actions can be taken to 
mitigate impacts by choosing responses according to what is known. This would be an improvement, 
to considering that events are unpredictable and so are the responses and hence the outcomes can be 
considered stochastic. The ability to move away from stochastic outcomes to management-affected 
outcomes opens up a range of possibilities to manage uncertainty in ways that can manage attendant 
risks in crop losses and income. 
This strategic concept, “production under uncertainty can be represented by differentiating 
outputs according to the state of nature in which they are realized”, is attributed to Arrow and Debreu 
(Chambers and Quiggin, 2002). The decision-making environment of producers are uncertain. This 
uncertainty is captured in the state variables governing production including the state of nature. The 
output of agricultural production is determined by the state of nature or output is conditional or 
contingent on the state of nature hence it named as state-contingent. The special feature of the state 
contingent approach is that all possible outputs can be described within a state of nature, where the 
realisation of respective outcomes are conditional upon specific states of nature, and each state of 
nature represents a particular uncertain event. In this context, the state-contingent approach provides 
the most realistic and tractable representation to handle all economic problems under uncertainty, 
including the theory of firm. It thus provides a more general approach to consider production under 
uncertainty. 
The different conditions of nature are termed “states of nature” and the nature chooses the 
state pertaining to the production event. For an example, the crop production varies with the quantity 
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of rainfall. This production uncertainty can be captured by using different state-contingent production 
functions by separating different rainfall levels as “normal state”, “drought state” and “wet state”. 
This can be explained further, if optimal rainfall for coconut cultivation is received, the grower will 
get a superior harvest of coconuts, but if a drought breaks out the realised harvest will be a lower, 
reflecting the contingency of output with respect to the state of nature.  
Generally, a good is described to have three properties: namely, type, location and time. This 
can be broaden to have four properties including the state of nature (Rasmussen, 2011).  For example, 
thousand coconuts sold at Colombo Coconut Auction in January in a wet year is a different good from 
thousand coconuts sold at Colombo Coconut Auction in January in a dry year. Since the outputs 
depends on the state of nature, the output under each possible state of nature is described as state-
contingent output. This will enable the analysts to handle problems under uncertainty as a choice 
between state-contingent outputs, which are essentially different goods or commodities. According 
to Arrow and Debreu, production under uncertainty can be represented as a multi-output technology 
if uncertainty is represented by possible states of nature, and the uncertain outputs by vectors of state-
contingent commodities and therefore differentiating outputs according to the state of nature in which 
they are realised.  
This follows that if a set of state of nature is used to represent uncertainty and uncertain 
outputs by vectors of state-contingent commodities, production under uncertainty can be represented 
as multi-output technology. This is then identical to a non-stochastic technology (Chambers and 
Quiggin, 2007). Based on this, Quiggin and Chambers further elaborated that if the problem of 
uncertainty is represented in state-contingent production terms, the tools and marginal principles used 
in non-stochastic production theory can be applied to solve problems under uncertainty. Hence, the 
introduction of uncertainty into production analysis does not have an influence on the necessary and 
sufficient conditions for the existence and optimality of equilibrium.  
In this analysis, the producer behaviour under uncertainty is included. Production under 
uncertainty is determined by both controllable and uncontrollable inputs. The decision maker chooses 
the amount of controllable inputs, such as area of land cultivated, and the type of seeds planted. Then 
the uncontrollable inputs such as low rainfall, high rainfall, temperature or pest and disease incidents 
are chosen by nature. Controllable inputs are applied before the nature choose its’ state (ex-ante). 
After applying controllable inputs, the quantity of output will be realised, ex-post, depending on the 
state of nature encountered. Hence, the decision maker using his experience and knowledge as a 
guide, is able to allocate their resources with the expectation of producing different bundles of state-
specific outputs under different states of nature.  
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Inputs can be categorized as state-general, state-specific or state-flexible inputs. Some inputs 
are pre-committed before the state of nature is realised with the aim of increasing output regardless 
of the state of nature. These inputs are called state-general inputs. Some inputs are applied with the 
aim of increasing output in a specific state of nature, but it may not increase the output in other states 
of nature. These are named as state-specific inputs. Certain other inputs can be targeted over more 
than one state of nature, which allows the substitution between state-contingent outputs. These are 
termed as state-flexible inputs.  
For instance, the available labour can be fully allocated to improve an irrigation system, 
expecting a dry state, or to improve a farm drainage system, as a strategy to counter a probable wet 
state. Otherwise, part of the labour can be allocated for the improvement of irrigation system while 
the rest is used to improve the drainage system. Depending on the amount of labour allocated for 
irrigation and drainage different combinations of the state-contingent output may be realised when 
the state of nature is revealed.  
However, in practice all types of inputs can be analysed within the domain of state-general 
inputs (Rasmussen, 2011). In the state-contingent approach, one of the core features is that 
technologies used in the production process is flexible and the farmers have the potential to alter 
production technologies in response to unforeseen events (Chambers and Quiggin, 2000). That means 
the decision maker could utilise the same input bundle in different proportions based on the new 
information available about the realised state of nature. As O’Donnell et al., (2010) describe “the 
production technology defines non-stochastic input and stochastic output combinations that are 
technically feasible”. Hence, firms having access to this technology could make their own production 
choices reflecting their risk preferences and beliefs concerning the relative probabilities of different 
states of nature, based on prior knowledge, experience or extension advice. A special feature of state-
contingent technologies is that the decision maker can manage uncertainty by allocating productive 
inputs in different combinations to different states of nature. Hence a general input such as labour 
will become a state-allocable input, as it can be used in different proportions under different 
realisations of the state, if the underlying technology set is in fact flexible. 
In practice, this may mean that a decision maker allocates a given bundle of inputs to 
production ex-ante and then once the nature reveals the state they could reallocate certain inputs to 
more appropriately suit the realised state. This permits the substitution between inputs to achieve 
different outputs under different states of nature, involving flexible technologies. For example, a 
coconut grower can allocate his effort to establish moisture conservation measures or establish 
irrigation facilities at the beginning of the year. This is done ex-ante, before the state of nature is 
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revealed. Assuming two states of nature; drought (unfavourable) and normal rainfall (favourable), 
and if the unfavourable state was realised, and the farmer had pre-allocated effort to moisture 
conservation or setting up irrigation, he would still realise a more favourable yield outcome, having 
mitigated the effects of drought. If the realised state was favourable, his yield will equate normal 
expectations, but he would not have benefited from his additional effort on setting up moisture 
conservation or irrigation. This example shows that different pre-allocations of inputs could lead to 
different realisations of output giving rise to trade-off between outputs realised under different state 
of nature. That is, the inputs are allocated to different states of nature to affect a substitution between 
state-contingent outputs when inputs are state-allocable (such as irrigation). This is illustrated in 
O’Donnell et al. (2010), using simulated data relating to state-allocable inputs. They further 
emphasised that under conditions of uncertainty, the flexibility gained through state allocable inputs 
in production technology choice could improve technical efficiency of production.  
Subsequent studies have empirically tested these concepts, using farm level data, indicating 
that outputs are substitutable between states of nature and farmers use technologies that are state-
allocable to mitigate consequences of uncertainty (Mallawaarachchi et al., 2017 , Nauges et al., 2011). 
Furthermore, by treating production as state-contingent and by choosing technologies to minimise 
the consequences of unfavourable outcomes, such as changes in seasonal conditions, farmers can 
develop a broader response to manage climate risk (Mallawaarachchi et al., 2012a, Quiggin et al., 
2010, Quiggin and Chambers, 2006).  
In the much-used stochastic production function the interaction between controlled and 
uncontrolled inputs are not considered and the outcomes arising from uncertain events are beyond the 
control of the decision maker. Whereas, the state-contingent approach treats uncertain outcomes as 
amenable to management control. Substitution between state-contingent outputs is possible within 
the state-contingent approach to reduce exposure to an unfavourable state of nature, or to increase the 
benefits of a more favourable state of nature, even after the state is known, as long as the technology 
set allows flexibility. For example, if state 1, is a year with low rainfall, a coconut grower can decide 
to delay the application of fertilizer as the fertilizer use efficiency declines rapidly under low moisture 
availability conditions. He may instead use his labour resources on mulching, which will not only 
improve moisture retention in the immediate year but help reducing the exposure to drought if the 
drought was to continue.   
A firm with greater uncertainty about its output pattern over time would be more likely to 
choose more flexible technologies, as the expected value of such technologies over time would be 
greater than the expected value of a fixed technology, that will work only in a favourable state. This 
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notion was first introduced by George Stigler (1939) and offered a basis for developing investment 
and technology adoption strategies under conditions of uncertainty (Solow, 2005). Preserving 
flexibility under uncertainty is an important aspect of economic behaviour, and forms a critical aspect 
of adaptation, in particular when dealing with long lived investments (Jones and Ostroy, 1984, 
Mallawaarachchi et al., 2012b). Coconut production systems share many such features, including 
fixity of investments, long gestation periods, multi-input multi-output relations and natural exposure 
to production and market risks. 
3.3 Appropriateness of the State-contingent approach for production systems analysis 
In the theory of production, the supply of inputs and their transformation into outputs are 
described in a production function that depicts a certain technical relationship between inputs and 
outputs. The relationship between agricultural inputs and outputs were initially identified using a 
simple production function. In late 1970s, specific econometric models were used with the inclusion 
of a heteroscedastic error term to represent output variability risk in production function specifications 
(Just and Pope, 1978). However, later Just and Pope showed that the conventional stochastic 
production approach is uninformative with respect to risk. Further, they concluded; “a) traditional 
production-function formulations are very restrictive and, in particular, imply that changes in inputs 
are directly related to changes in the variance in output, b) this restriction contradicts with other 
research findings, c) hence, traditional production function estimates may be of little use in evaluating 
policies-particularly those which can have a risk-reducing effect on output” (Just and Pope, 1979).  
During the same period, frontier models were developed with error terms to represent 
technical inefficiency (Pitt and Lee, 1981). At a later stage, both production inefficiency and output 
variability risk were included in production models (Kumbhakar, 2002). However, the state-
contingent analysis model offers the most powerful and practicable theoretical framework for jointly 
analysing risk and implications for optimal resource use under uncertainty.  
Production represents a gamble in tackling uncertainty and the element of uncertainty is more 
acute in agricultural production, where adaptation to variations in the states of nature is more critical. 
In this context, significant changes in climate, as observed in the main coconut growing areas of Sri 
Lanka as disclosed in Chapter 2, exposes agricultural producers to a higher degree of uncertainty both 
in the choice of investment in productive assets and in the ongoing management to influence current 
period production. Hence production economic models that better accommodate uncertainty is 
essential in estimating realistic production functions in view of the nature of risks farmers are facing 
and their ability to manage such risks. Doing this in a context of limited available data is often the 
policy analysts’ challenge. In the conventional treatment of risk, the treatment of risk preferences are 
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an important element of specification into consideration, whereas, in the state-contingent approach it 
is not obligatory to consider whether a decision maker is risk-neutral, risk-averse or risk-taker, 
providing greater flexibility in model design and analysis (Chambers and Quiggin, 2002).         
In stochastic frontier analysis (SFA), it is assumed, that the underlying technology set is non-
stochastic but, in reality, many technologies, in particular, agricultural technologies are stochastic. 
Further, in stochastic frontier analysis, stochastic element is due to measurement error and missing 
variables but not in the response to a stochastic decision environment (O’Donnell et al., 2010).  
However, recent work has successfully incorporated the stochastic nature of agricultural production 
into efficiency analysis within the state-contingent approach (O’Donnell et al., 2010, O’Donnell, 
2014, Serra et al., 2014, Macedo et al., 2014). Further, the traditional production or profit function 
analysis that employed stochastic frontier analysis assumes that farmers make their decisions under 
a fixed technology set in spite of potentially varying states of nature within which the technology will 
operate. The inability of SFA to incorporate state-allocable technologies was limiting owing to its 
focus on the observed outputs and thus neglects the potential outputs if the state of nature is different 
from what is experienced (Battese, 1992).  
Moreover, in the traditional theory of production, both the level of output and future prices 
are considered to be known with certainty (Rasmussen, 2011). This is never the case in real world 
farm production, where output is produced in anticipation of future prices, which in turn are 
determined in markets full of uncertainty and market failure is widespread. This is more so in 
developing countries, where both the information mechanisms that help decision making as well as 
markets are rudimentary, or absent (de Janvry and Sadoulet, 2006). Coupled with its dependence on 
exogenously determined environmental factors, the assumption of perfect knowledge and fixed input 
sets in farm production is highly illogical. In fact, agricultural enterprises characteristically face both 
production and market risks. Production risks arise due to the unpredictable and uncontrollable nature 
of the physical environment (e.g., lack of rainfall, pest infestation, and natural disasters) that typically 
gives rise to output shortfall (O'Donnel C. J. and Griffiths, 2006). Whereas market risks arise due to 
deviations between expected and realised product prices, owing to lags in production and 
imperfections in markets and information flows. Climate change is a typical example that exacerbate 
such risks, making the flexibility in production choice and supply systems a key attribute for 
successful adaptation (Mallawaarachchi and Harris, 2014). The analysis in the previous Chapter 
illustrated that the coconut production is highly sensitive to weather variability and the ongoing 
climate change can exacerbate such risks. 
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3.4 State-contingent production approach and climate variability 
 
Climate change is the leading driver of variability in agricultural productivity exposing 
farming systems to unpredictable and costly underperformance. Many studies have been conducted 
to assess the impacts of climate change on agriculture (Yang and Shumway, 2016, Marshall et al., 
2015, Jacoby et al., 2015). Stochastic production function approach (Key and Sneeringer, 2014, Isik 
and Devodoss, 2006) is the widely used method, where climate is considered as an exogenous shock.  
This method assumes that technology adopted by farmers did not vary with the state of nature and it 
is fixed over a production cycle. This would underestimate the farmers’ technological and economic 
adaptation to climate change (Antle, 1995) as in reality production technologies are more flexible 
(Mallawaarachchi et al., 2017 , O'Donnel C. J. and Griffiths, 2006). O’Donnell and Griffith (2006) 
showed that the elasticity of expected output with respect to inputs are significantly different among 
different states of nature. Further, it revealed that technical efficiency is significantly higher in state-
contingent analysis compared to stochastic production function analysis. As discussed earlier, in 
state-contingent approach it is considered that farmers have the potential to adopt production 
technologies depending on the prevailing state of nature and as such producers can manage 
uncertainty by changing allocation of inputs under different states of nature.  
This method provides high flexibility to represent technology choice under uncertainty.  The 
substitutability among state-contingent outputs where output under different states of nature are 
derived using different production technologies overcomes the production choice problem in 
stochastic production function approach. It also means that decision makers can minimise their 
exposure to unfavourable states and maximise gains during favourable states by differentially 
allocating inputs to influence the final output, drawing on their past experience and knowledge.       
The variability of output of a producer is due in large part to the production decisions and is 
amenable to management control. This is the basis of adaptation and farm management. Farmers 
typically choose their inputs partly in response to climatic conditions (Sherlund et al., 2002), resulting 
in agricultural production to profoundly depend on the choice of environmental conditions. The 
choice of seeds, seed bed preparation, cultural choices including irrigation, weed and pest 
management and harvesting and post-harvest controls, in reality, are about managing the 
heterogeneous states of the environment. An intelligent, well-informed producer seeking to adapt to 
climate uncertainty, can choose among different state-contingent outputs in order to manage both 
production and market risks, depending on their capacity to bear risks, adaptability of the production 
context, the flexibility of technology set and the availability of resources.  
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In this thesis objective for successful adaptation is defined from a risk management point of 
view, as minimising the costs under exposure to unfavourable states of nature and maximising the 
benefits under favourable states of nature. This definition, which follows the state-contingent 
approach, has several important characteristics that makes it more suited for production system 
analysis to aid decision making for climate adaptation.  
First, prior assessment of risk preferences is not needed to implement adaptation analysis. In 
the context of weak preference ordering, incomplete preferences and incomplete information that are 
common to agricultural production settings, this is a clear advantage. Second, this approach does not 
depend on formal risk assessments. It allows for ongoing learning, as is the case in farming. Thirdly, 
the ability to investigate state-contingent technology bundles appropriate for different revelations of 
states of nature, through simple approaches such as programming methods makes it more accessible 
to analysts (Adamson et al., 2009). Further it allows empirical analysis of possibility of substitution 
among state-contingent outputs preference, which is not possible in the traditional stochastic 
production function approach and this was empirically tested by Chavas (2008). He further 
emphasized that outputs depend on inputs, state of nature and on the technology used and state-
contingent technology can be analysed econometrically, as in Mallawaarachchi et al. (2017) that used 
farm level data on dairy production in the context of irrigation and purchased feed to manage drought 
risk.  
  State-allocable state-contingent model, is preferred to conventional stochastic frontier, as it 
has several important implications to agricultural production under uncertainty (Nauges et al., 2011). 
These are, i.e. i) the state-allocable technology that allows maximizing the use of information on 
states of nature. Adoption of state-contingent analysis can thus lead to more appropriate  inferences 
on farmer behaviour making it more suited for public policy analysis (Chambers and Quiggin, 2007). 
ii) state-allocable production technology allows better specification of production uncertainty. As 
previously noted, state-allocable production technology, permits producers to allocate inputs 
depending on expected states of nature, and then make revisions based on the information they get 
after the allocation of resources, where feasible. In traditional models, producers can respond to 
information only by changing scale of production contrast to state-contingent approach one of the 
core features is that technologies used in the production process is flexible and the farmers have the 
potential of adapting production technologies in response to unforeseen events.  
Moreover, within the state-contingent approach production process and decision maker 
uncertainty can be treated separately allowing gaining more useful insights than from stochastic 
production functions (Rasmussen, 2007). In comparison to other approaches, the state-contingent 
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approach assumes that producer is intelligent and is capable of adaptation to unforeseen events and 
complements (Ash et al., 2007, Mallawaarachchi and Foster, 2009).  
The strong theoretical background and the limited empirical studies discussed above indicates 
that in an uncertain decision environment state-contingent production approach would outperform 
conventional stochastic frontier approach, which provides rather restrictive and unrealistic 
representation of the production process. For instance, a highly risk-averse producer may select an 
output mix to have low variability among different states of nature. For example, a highly risk-averse 
coconut producer would install irrigation system in his plantation to reduce the risk of exposure to 
low yield if a dry spell was to occur. By installing an irrigation system, he will gain the ability to 
reduce yield variability due to moisture deficit. It has been proven that supply of irrigation to coconut 
palms during dry weather increases the production and the producer would be able to stabilize his 
outcomes regardless of the state of nature but only at a large opportunity cost of investment and 
maintenance. A less risk-averse producer who has little or no concern about risk may not install 
irrigation systems and bet on receiving a better yield if the state of nature happens to be wet or lower 
yield if the state of nature happens to be dry. He would face with high output variability depending 
on the state of nature he faces.  The optimal choice would depend on the probability of exposure to 
unfavourable events and the relevant cost-benefit trade-offs associated with alternative input-output 
combinations. These insights are only possible with an analysis involving a state-contingent 
framework. 
In assessing optimal choices to mitigate production and market risks associated with climate 
change and variability, it is important to identify farmers’ responses to uncertain climate change. 
State-contingent production approach under uncertainty provide more widespread application to 
different conditions of production and can be used successfully to represent climatic uncertainty at 
farm level than stochastic production function approach (Crean et al., 2013, Mallawaarachchi et al., 
2017 ). Most of the farm level studies on agricultural production systems incorporate risk as an 
expected value in stochastic production function approach. This approach provides farm plans that 
are optimal under particular states of nature, providing flexibility for farmers to choose technology 
sets that are optimal across different states of nature. The farm-level analysis incorporates farmer 
adaptation to changing climatic conditions under given constraints that they face (Mallawaarachchi 
and Foster, 2009). The state-contingent approach is therefore well-suited to undertake the analysis of 
adaptation choices for coconut production systems under climate uncertainty.  
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3.5 Material and methods 
The objective of this section is to introduce the specific research approach in this study and, 
in particular to describe the study setting, including the geographic location, to place in context the 
analytical approach adopted in this thesis.  
3.5.1 Theoretical framework 
Production is the transformation of factors of production (inputs) into primary or secondary 
goods (outputs). Production takes place in the firm. The firm is considered as the primary decision-
making unit that choose and implement a production plan. Basic assumption is that the economic 
behaviour of a firm is to maximise its benefits, usually profit. In production economics, limits of 
economic behaviour are defined by technical production possibilities. Production technology is the 
decisive factor of the quantity produced and how it may be produced and further, it is a description 
of the relationship between input and output.  
Assume inputs of a firm is denoted as the vector m;    𝑥 = (𝑥(, … , 𝑥`)	𝜖	ℝ8`              
and the output for the firm is denoted by vector n; 𝑦 = (𝑦(, … , 𝑦6	)	𝜖	ℝ86	   
Hence, the production plan for a firm has a pair of inputs and outputs vectors; (𝑥, 𝑦) = 𝜖	ℝ8` 	⨯ 	ℝ86          
 
In general, the firms we compare have common underlining technology as defined by the technology 
or production possibility set 𝑇#(𝑧) = (𝑥, 𝑦):	𝑥	𝑐𝑎𝑛	𝑝𝑟𝑜𝑑𝑢𝑐𝑒	𝑦	𝑖𝑛	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡	𝑧#  (3-1)  
 
Among other factors, the technology, T is determined by the biological environment in which 
the production process takes place. In many cases, underline production technology is not known. 
Therefore, in general, technology set is estimated based on observed data. This estimated technology 
is used to evaluate observed production of a firm relative to the estimated technology. T is the set of 
(x, y) values for which there exists a k number of firms such that (x, y) = (xk, yk); i.e.   
 𝑇 = {(𝑥, 𝑦)	𝜖	ℝ8` 	ℝ86	|З𝑘		𝜖	{1, … , 𝐾): (𝑥	𝑦) = 𝑥w, 𝑦w              (3-2) 
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For computational convenience, technology can be described using inputs or outputs. Let x → P(x) 
and y → L(y) be the corresponding production (output possibility set) and consumption (input 
requirement set) correspondences, 𝑃#(𝑥, 𝑧) = {	𝑦	|(𝑥, 𝑦)	𝜖		𝑇#(𝑧)}       (3-3) 𝐿#(𝑦) = {	𝑥	|	(𝑥, 𝑦)	𝜖	𝑇#(𝑧)}        (3-4)   
 
Hence, input output set gives alternative ways to describe the same technology. When we 
have only one output, n = 1, we can define production function ƒ as the maximum amount of output 
that can be produced through the use of a given production technology with a given amount of input; 
  𝑦 = 	ƒ(𝑥) = 𝑚𝑎𝑥{	𝑦:		| (𝑥, 𝑦)	𝜖	𝑇	       (3-5) 
 
If there is more than one output, n > 1, i.e. in general, multi-input multi-output production 
ventures, use of a distance function is possible as a way to describe the technology (Bogetoft and 
Otto, 2011). For that, a set of weak assumptions (A1 to A6) should be satisfied (Appendix 1). If these 
assumptions (A1 to A6) are true technologies and technology sets can be represented mathematically 
using output distance functions (ODF). 
Hence, output distance function F can be defined as, 
𝐹 = 𝐹(𝑥, 𝑞) = 𝑚𝑎𝑥{	𝐹 > 0	| :𝑥, 𝐹~;		𝑇	}         (3-6)  
F is the maximum proportional expansion of all output y that is feasible with the given inputs 
x. Period and environmental specific ODF is the maximum proportional expansion of all output y that 
is feasible in a given period in a given environment with the given inputs x. The ODF to scale up 
output vector q using the input vector x in period t in an environment characterized by z can be 
represented mathematically;  𝐷#	(𝑥, 𝑞, 𝑧) = 𝑚𝑖𝑛	{𝜌	 > 0 ∶ 𝑞|		𝜌	𝜖		𝑃#	(𝑥, 𝑧)}      (3-7) 
 
If period and environment specific ODF exist, then they are homogeneous to degree one in outputs. 
This implies that, 𝐷#	(𝑥3#, 𝑞3#, 𝑧3#) = 	 𝑞(3#	(𝐷#	(𝑥3#	, 𝑞3#∗ 	, 𝑧3#)       (3-8) 
Where, 𝑞3#∗ = 	 𝑞3# 𝑞(3#⁄ , after taking log and some rearrangement, deterministic frontier model (DFM),  𝑙𝑛 𝑞3# = − 𝑙𝑛 𝐷# (𝑥3#, 𝑞3#∗ , 𝑥3#) −	𝑢3#    
     (3-9) 
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Where 𝑙𝑛	𝑞(3# 	≡ − ln𝐷# 	(𝑥3#, 𝑞3#, 𝑧3#) = 	− ln𝑂𝑇𝐸3#		 ≥ 	0 is an output oriented technical 
inefficiency effect. 
 
Two assumptions should be satisfied in order to use DFM as follows, 
DFA1: all relevant quantities, prices and environmental variables are observed and measured without 
error and, 
DFA2: the functional forms of relevant distance, revenue, cost and profit functions are known.  
Since these two assumptions are not satisfied, DFA cannot be implemented. Even if it was 
implemented, the inefficiency term includes all deviations due to measurement and other errors hence 
stochastic frontier model (SFM) was chosen. However, SFM used in this study do not represent the 
traditional SFM where uncertainty is not accounted for, but it is the SFM which is superior to 
traditional SFM as discussed earlier in state-contingent approach. Hence, ODF can be rewritten as 
regression models with error terms representing statistical noise and inefficiency. If the functional 
form of ODF is unknown,  𝑙𝑛 𝑞3# = −𝑓#	(𝑥3#, 𝑞3#∗ , 𝑧3#) +	𝑣3# − 𝑢3#       (3-10) 
Where, ƒt (.) is an approximating function chosen by the researcher and 𝑣3# = 	− ln𝐷# (𝑥3#, 𝑞3#∗ , 𝑧3#) −	𝑓#	(𝑥3#, 𝑞3#∗ , 𝑧3#) is an unobserved variable that accounts for statistical 
noise.  
 
 If  𝐷#	(𝑥3#, 𝑞3#, 𝑧3#) exists, then 𝑙𝑛 𝑄3# = 	𝛼	 + 	𝜆	𝑡 +	∑ 𝛿5 	𝑙𝑛 𝑧53#b∗b7( +	∑ 𝛽` 	𝑙𝑛 𝑥`3# +	𝑣3# −	𝑢3#`7(   (3-11) 
 
Where Qit = Q(qit) is an aggregate output and J* is the number of observed environmental 
variables and M is number of inputs. Environmental variables and inputs are represented by z and x 
respectively.  
It is assumed that the distribution of error term, vit has a normal distribution with zero mean and 
constant variance;  
ML1  vit ~ IN (0, 𝜎W )   
Distribution of inefficiency term, uit, would take either half-normal distribution with mean μ and	𝜎W 
or truncated normal distribution. 
ML2  uit ~ IN+ (μ, 𝜎W ), or 
ML3  uit ~ IG (P, σu ) 
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By estimating and testing the SFA it is possible to test the null hypothesis, a) there is no 
technical change, b) technology set exhibit constant/decreasing returns to scale and c) there is no 
technical inefficiency.  
If the assumptions of A2 and A4 (Appendix 1) are true, The ODF exists. Thus, 𝑙𝑛 𝑞3# = 	𝛼3 +		𝛿3𝑡 +	𝛽w3 𝑙𝑛 𝐾3# +	𝛽3 𝑙𝑛 𝐿3# +	𝛽3 𝑙𝑛𝑀3# +	𝑣3#−	𝑢3#   (3-12) 
 
Where uit is a technical inefficiency effect and vit accounts for functional form errors and other 
sources of statistical noise. Production frontier represents the maximum amount of output that can be 
obtained from a given level of inputs. The gap between the actual and the maximum output is a 
measure of inefficiency. 
The fundamental basis of the state-contingent approach is that it is not possible for the 
decision-maker to determine which state of nature occurs, being a random exogenous event. 
However, the outcome observed in a realised state of nature can be affected by the choice of 
technology by the decision-maker. In agriculture, interaction between state of nature and the decisions 
of the famer determines the realised yield. For instance, rain-fed farmer gets low yield if nature 
selected the drought state, but irrigated farmer gets above average yield. Hence, the production 
uncertainty is directly represented in terms of yield. State-contingent approach has the analytical merit 
of production under uncertainty by differentiating production of commodities over time and space. 
This can be interpreted as a special case of multi-input multi-output production technology.   
3.6 State-contingent production technology 
The technology transforms a vector of nonstochastic inputs denoted by x ϵ ℝ8  allocated for 
production before the nature selects a state s from Ω = (1, …, S) into a matrix of stochastic state-
contingent output zms ϵ ℝ8⨯O. The M-dimensional vector of outputs would be produced if state s is 
realised and is denoted by zms. The uncertainty is captured by Nature making a choice from state 
space Ω. Technology in the state-contingent approach is represented by input output correspondence 
and their input output sets. The technology modelled by state-contingent output correspondence is 
defined as, 𝑍(𝑥) = {𝑧		𝜖		ℝ8	O: 𝑥	𝜖		ℝ8	 𝑐𝑎𝑛	𝑝𝑟𝑜𝑑𝑢𝑐𝑒	𝑧}      (3-13) 
If the inefficiency is taken into consideration, then Z  is given by, 𝑍(𝑥∗) = 	𝑍((𝑥∗) 	⨯ 	𝑍W(𝑥∗)        (3-14)  
Where, 𝑍((𝑥∗) = {𝑧(: 𝑧( 	≤ 	 𝑓(𝑥∗, 1)}, and 𝑍W(𝑥∗) = {𝑧W: 𝑧W 	≤ 	 𝑓(𝑥∗, 2)}    (3-15) 
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The technology can be alternatively but equivalently represented by input set and output set. 
The state-contingent output distance function,  
  𝑂 ∶ ℝ8⨯O		𝑥ℝ8 → 	ℝ8               (3-16)     
This gives the maximum expansion of a given state-contingent output matrix, alternatively 
the largest contraction of the state-contingent output set, consistent with the state-contingent output 
matrix being producible for the given input bundle. This output distance function is defined by 
 𝑂(𝑧, 𝑥) = 𝑖𝑛𝑓	{𝜃 > 0;  		𝑍(𝑥)}           (3-17)   
It is shown that (O’Donnell et al., 2010) misspecification of stochastic technology leads  SFA 
to be an unreliable estimator but not from the estimators if ex-ante input allocations and realised states 
of nature can be observed ex post. Therefore, SFA can be applied data on firms that experience state 
1, and then separately to data on firms experienced state 2. So SFA model for state s is represented 
(in Cobb-Douglas frontier);  𝑙𝑛 𝑧 = 	𝛽& +	𝛽( 𝑙𝑛 𝑥( + 𝛽W 𝑙𝑛 𝑥W	 + 𝑣 − 𝑢      (3-18) 
The model (2.18) is embedded to stochastic framework model in (2.12). 
𝑙𝑛 𝑞3# = 	𝛼3 	+ 	𝜆	𝑡 +	∑ 𝛿5 	𝑙𝑛 𝑧53#b∗b7( +	∑ 𝛽` 	𝑙𝑛 𝑥`3# +	𝑣3# −	𝑢3#`7(   (3-19)  
Where, qsit is output in a given firm i (i = 1, …, K) , in a given time period t (t = 1, …, T) 
when nature chooses state s (Ω = 1, 2) in a given production environment z (z = J1, …, J*) with inputs 
vector x (x = 1, …, M). Statistical noise is represented by v and it is identically distributed normal 
random variable with zero means and variance 𝜎W . Technical inefficiency is represented by u, and it 
is independently and identically distributed random variable with mean μ and variance 𝜎W .  
3.7 Empirical illustration 
This section illustrates model specification for coconuts and the study area where the study was 
conducted.  
 
3.7.1 State-contingent production of coconut 
At the first stage, traditional production frontier was estimated (eq.3.12) without considering 
the state of nature. It is hypothesized that the observed production frontier for coconut is better 
represented in a state-contingent framework. SFA or DFA can be used to represent state-contingent 
production empirically (O’Donnell et al. (2010, {Serra, 2014 #10606, {Serra, 2014 #10607), (Serra 
et al., 2014). However, in order to use DFA all the measurements should be without error which is 
not realistic in this case therefore, SFA is used under uncertainty. Hence, this is captured at the second 
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stage, by estimating equation (3.20) was estimated separately for two different states. The state of 
nature considered in this analysis is the quarterly rainfall. Coconut production requires a quarterly 
rainfall equal or more than 450 mm per quarter for better performance. State of nature is defined 
based on this rainfall. The production that receives rainfall equal to or more than 450 mm per quarter 
is considered as favourable (wet) state of nature for coconut production (state 1) and rainfall of less 
than 450 mm per quarter is considered as unfavourable (dry) state of nature (state 2).  
3.7.2 Specification of the model 
𝑙𝑛 𝑞3# = 	𝛼3 	+ 	𝜆 +	∑ 𝛿5 	𝑙𝑛 𝑧53#b∗b7( +	∑ 𝛽` 	𝑙𝑛 𝑥`3# +	𝑣3# −	𝑢3#`7(    ( 3-20) 
 
qsit = quarterly output of coconuts of farm i at period t in state s 
z1it-1 = vector of environmental inputs (rainfall and temperature) of firm i at period t and t-n in 
state s 
xsmit = Vector of inputs of firm i at period t in state s 
The output variable is number of nuts produced per quarter. Input variables are hectares 
planted (X1it), number of bearing palms (X2it), and person days of labour (X3it). Environment variables 
are temperature at time t (Z1it), rainfall at t-3 (Z2it-3), rainfall at t-4 (Z3it-4), rainfall at t-5 (Z4it-5), rainfall 
at t-6 (Z5it-6), rainfall at t-7 (Z6it-7) and t-8 (Z7it-8). 
3.7.3 Location 
The study focuses on the main coconut-growing region in Sri Lanka, the Coconut Triangle, 
which includes the Western and North-western provinces (Figure 1-1). This region produces more 
than 55 per cent of the total coconut production in Sri Lanka. The Socio-economic and environmental 
setting of the study area is discussed below.  
The main coconut growing area in Sri Lanka, became known as the Coconut Triangle as it 
represents a triangular geographical area spreading Western and North-western provinces of Sri 
Lanka. The area comprises the administrative districts of Kurunegala, Puttalam, Gampaha Colombo 
and Kalutara in the central west coast. Other important coconut areas include the districts of Galle, 
Matara and Hambantota accounting for about 12 per cent of the total area. The rest of the coconut 
cultivation area mostly represent small and scattered parcels of coconut growing land in other 
districts.     
Being the most widely cultivated plantation crop, coconut industry predominates in the 
landscape of Sri Lanka, where coconut cultivation being the most economically important land use 
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activity in the Coconut Triangle. The Kurunegala, Gampaha and Puttalam districts therefore accounts 
for the bulk of commercial coconut plantations and over 30 per cent of the total population in Sri 
Lanka (Department of Census and Statistics, 2012).  Ecologically, the Coconut Triangle carries the 
highly suitable land (S1 lands) for coconut cultivation, and much of the coconut-based processing 
industry capacity is also located in this region. As population grows and income opportunities 
diversify, the extent under coconut cultivation has seen a declining trend in recent decades. In 
particular, the high demand for land for urban development, especially in the most economically 
dynamic Colombo and Gampaha districts, maintaining coconut cultivation as a viable land use is 
becoming a challenge. Impending climate change and recent observations of a more variable climate, 
could variously affect coconut productivity in the main growing regions, adding another dimension 
to the challenge in improving the competitiveness of coconut cultivation through enhanced industry 
productivity. 
 
3.7.4 Data sources 
Coconut growers in Sri Lanka are considered under two categories: the estate sector and the 
smallholding sector, based on the extent under cultivation (the farm size). Management intensity is 
usually different in these two categories, where the estate sector has a high management intensity and 
closely follow recommended management practices. Hence, estate sector offers a good case study to 
explore the impacts of weather variability on coconut production, where other factors that cause 
variations in coconut production can be assumed to be held constant. Therefore, farm-level input-
output data from the two commercial coconut companies categorised under the estate sector, located 
within the main coconut growing area is used for this analysis.  
The yield of coconut is determined by the combination of genetic and environment factors 
along with the level of management (Menon and Pandalai, 1958). Variety grown in these estates is 
Sri Lankan Tall variety.  One company manages eight estates while other manage six. These two 
companies are in turn administered under one umbrella. Hence, all these estates are maintained under 
the same standard management practices and therefore management heterogeneity on yield variation 
can be assumed null. Since the genetic factor and management are homogenous across estates in the 
sample, it is assumed that the main reason for yield variability is due to weather factors. Data were 
collected for a period of four consecutive years, 2012 to 2015, to accommodate both good and bad 
weather conditions for the growth of coconuts across 14 estates representing panel data. 
 Rainfall and temperature were considered as the main weather variables. One company 
manage their own rainfall records and hence it enables to capture on-farm rainfall variation. However, 
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farm level rainfall data were not available with the other company, and hence rainfall data from the 
nearest meteorological station were used. On-farm temperature data were unavailable for both 
companies. Hence, temperature data from the nearest meteorological station were used as a proxy.   
The annual average rainfall in the main coconut growing area for the period of 1950-2015 
was 1950.5 mm. The year 2012 and 2013 recorded lower rainfall in primary coconut growing area 
than the average of 1950.5 mm per annum, representing unfavourable weather (bad years). The mean 
annual rainfall in year 2014 and 2015 are higher than this average, representing better years (Table 
3-1). 
 
Table 3-1 Rainfall during the study period 
Year Annual average Rainfall (mm) Compared to mean 
(1950-2015) Main coconut growing area   Sample 
2012 1363 1623 Bad year 
2013 1589 1377 Bad year 
2014 2237 1959 Good year 
2015 2026 18411 Good year 
  
Estimation of production functions for perennial crops encounter issues as long gestation 
period, gradual increase in yield for an extended period, yield stabilization through gradual 
replacement and the treatment of those risks over long-time horizons. Most of these issues were 
overcome by collecting data from mature coconut plantations over 20 years of age, which have 
reached yield stabilization.   
 The analysis that follow will study variation in technical relationship in coconut production 
in the coconut triangle across different states of nature, assuming no change in agricultural resource 
use and production practices or technologies 
3.7.5 Description of data 
Sample is a balanced panel of 224 observations encompassing 14 farms with quarterly 
observations for four years (T=16). Descriptive statistics of the variables used in the production 
function analysis are shown in Table 3-2.  
                                               
1 In 2015, sample mean is less than the long-term average. However, in this study good and bad years are demarcated 
using average rainfall that is suitable for growth of coconut palms, which is 1800 mm per annum. Hence, the year 2015 
in the sample is considered as a good year. 
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Table 3-2 Data description 
 Variable Unit (per 
quarter) 
Mean Min Max Std. dev. 
Output Y= Coconuts Number 163832 45750 581583 76240 
Inputs  X1 = Area  hectares 481.63 279.74 1343.44 235 
 X2= Bearing palms Number 47789 23949 82368 12189 
 X3 = Labour Person days 1846 741 8391 884 
Production 
environment 
Z2 =Rainfall mm 157.05 8.65 438.4 113.93 
Z1 =Temperature 0C 27.88 26.3 29.33 0.81 
   
3.8 Estimation results  
 
It is a known fact that not only the total annual rainfall that affects the coconut production but 
the distribution of rainfall throughout the year is more important (Peiris, 1989, Peiris et al., 2008). 
Hence, quarterly rainfall data were used to capture rainfall distribution. Moreover, scientists are well 
aware that the previous year’s rainfall controls a given years coconut crop (Abeywardena, 1955, 
Abeywardena, 1971, Peiris, 2006, Peiris and Thattil, 1998, Peiris et al., 1995). Some studies suggest 
that lag effect of rainfall on coconut may continue for 2 years. Therefore, lag effect of rainfall for two 
years (eight quarters) were considered in the analysis. At first, the analysis was done without 
considering the state-contingent nature (results presented in the Appendix 1). Then, production 
function is estimated considering the state-contingent nature. Normal, half-normal distribution was 
assumed for production function and inefficiency. Table 3-3 presents the results of the state-
contingent analysis and it shows that four-quarter lag rainfall is the significant weather factor under 
both states of nature.    
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Table 3-3 Results of the state-contingent analysis 
Dependent variable: coconut production /quarter 
 Unfavourable condition Favourable condition 
Independent variables Coefficient Std. Err # P>t Coefficient Std. Err# P>t 
Labour (person days) 0.05 0.09 0.007* 0.04 2.73 0.9 
One quarter lag rainfall 
(mm/quarter) 
0.09 0.04 0.55 0.0* 0.05 0.98 
Two quarter lag rainfall 
(mm/quarter) 
0.09 0.3 0.013 0.01* 0.05 0.73 
Three quarter lag rainfall 
(mm/quarter) 
0.12 0.10 0.22 0.06 0.19 0.71 
Four quarter lag 
rainfall (mm/quarter) 
0.0002 0.22 0.08 0.006* 0.27 0.02* 
Five quarter lag rainfall 
(mm/quarter) 
0.18* 0.07 0.02* 0.26 0.09 0.008
* 
Six quarter lag rainfall 
(mm/quarter)   
0.02 0.11 0.85 0.06 0.13 0.66 
Seven quarter lag rainfall  
(mm/quarter) 
0.01 0.11 0.90 0.12 0.14 0.37 
Eight quarter lag rainfall  
(mm/quarter) 
0.02 0.22 0.69 0.04 0.38 0.08 
Extent (ha) -0.108 0.002 0.001* 0.24 0.34 0.48 
Bearing palms (number) 0.788 0.000 0.003* 1.3 0.16 0.0 
Temperature (0C) 4.65 0.08 0.005* 7.6 0.16 0.0 
Constant -11.18 0.00 0.03* -3.78 13.78 0.78 
Log likelihood -9.58   -67.81   
D-W statistic 1.68   1.82   
 
Likelihood ratio test (Hill. et al., 2011) between the two states of nature at the 5 per cent 
significance level supports the rejection of the null hypothesis that coefficients of the production 
technology are equal between the two states of nature.  
 
According to the descriptive statistics of panel data, the within quarter variation of rainfall is 
greater in all four quarters than between quarter variation. This is mainly because most of the estates 
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are located in the same Agro-ecological zone i.e. Low country intermediate zone (IL1) and wet zone 
(WZ). Coconut production also showed higher within period variation which indicates variability of 
coconut production in mature plantations is more site specific. This is evident in several studies. In 
Kasasagoda, India, the highest and lowest yields are observed in May and October respectively 
(Vasudevan and Satyabalan, 1959). At Lunuwila, Sri Lanka, the highest yield is obtained during May-
June while the lowest yield is observed in November-December (Abeywardena and Fernando, 1963).  
According to the results of the state general, model four-quarter lag rainfall, seven-quarter lag 
rainfall and labour are significant determinant of coconut production. Button nut (female flower) fall 
and immature nut fall (four months old nuts), which are highly sensitive to moisture availability, that 
takes place during maturity period of 11 months before harvesting are the key factors that determine 
the final yield of coconuts. Climate in the fourth month after pollination affects final yield through 
immature nut fall (Abeywardena, 1955). According to the literature, four-quarter lagged rainfall is 
the most significant determinant of coconut yield and it is a significant variable in this study hence 
this was chosen as the basis to classify observations to different states of nature.  
It is required to test whether the coefficients of two separate production frontiers for the two 
states of nature are different from each other. This was conducted using a Likelihood ratio test with 
the null hypothesis of coefficient of two states of nature are equal. The LR statistics of the test for 
equality of coefficients between two states of nature is 116 which is much higher than the test statistic 
χ(0.95,1), 3.84, thus supports the rejection of the null hypothesis that the estimated coefficients for the 
two states of nature are equal. 
3.9 Discussion 
According to the results presented in Table 3-3, fourth quarter lag rainfall is the significant 
variable among rainfall variables that determines the annual national coconut production under both 
states of nature. This finding is consistent with the previous studies that concluded that the most 
influential rainfall on annual coconut production is the first  quarter of the previous year (Peiris, 1993, 
Peiris et al., 2008)  and annual national coconut production is more influenced by the rainfall of the 
preceding year than the coincident year (Peiris et al., 2008). The main reason behind this is the 
progressive development of coconut inflorescences and the young coconut seeds over a long period 
before and after flowering. During the reproductive phase of coconuts, the initiation of flower 
primordium inside the trunk, to the harvesting of mature nuts can take as long as 44 months (Figure 
3-1). At the initial stages of flower development, inflorescence is covered with the spathe and once it 
opens and female flowers are fertilised to form young seeds it takes further 12 months before maturity 
and ready for harvesting. Several studies have found that the effect of climate on coconut production 
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is more critical after opening of the spathe (Gangolly, 1953, Abeywardena, 1955, Nambiar, 1969, 
Rajagopal, 1996) as the inflorescence is completely exposed to the environment. However, prolonged 
droughts can affect both flower initiation and the number of female flowers, that will affect the yield 
outcomes over following years. 
 
Figure 3-1 Development stages of coconut bunch 
Source: Dr. Sanathanie Ranasinghe, Additional Director, CRISL (personal communication). 
 
The quarterly lagged rainfall best explains the yield differences between two states of nature 
and five-quarter lagged rainfall is also significant weather variable under both states of nature. In a 
well-managed estate, the greatest impact of drought would be on immature nut shedding due to 
moisture stress that will affect observed yield after six months. Average quarterly temperature is a 
significant factor in determining coconut production for its positive influence on final yield. This is 
not unexpected as the mean annual temperature of the sample is 27.88 0C which is not within an 
undesirable range. The agronomy literature indicates that in the moderate temperature ranges, the 
positive effects of temperature on crop yield is observed while the negative impact is evidenced 
beyond 32 0C (Tack et al., 2012).      
The analysis supports the fact that weather variability affects the coconut production in Sri 
Lanka creating a production risk. From the state-contingent perspective, coconuts produced in a wet 
weather period is a different product from coconuts produced in a dry weather. The presence of state 
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contingent production patterns in coconuts also infers the use of state-contingent, flexible 
technologies.  
 
3.10 Conclusions 
It is concluded that the estimated coconut production frontier in main coconut growing areas 
for commercial plantations supports the hypothesis that the production practices adopted in these 
plantations are in fact state-contingent. While this work is based on the limited data obtained from a 
small sample of commercial coconut estates, it is econometrically sound and offers a useful basis for 
further work. It supports the argument that the weather variably on coconut production is best 
captured using state-contingent approach.   
3.11 Limitations of the study 
 
In the absence of on-site weather data, data from nearest meteorological station were used. 
The accuracy of the analysis can be improved with the on-site weather data. Data were available for 
a short period and analysis of long-term data would provide more information. 
 
Building on this work, in the following Chapter, the effectiveness of management practices 
more specifically intercropping, in cost-effectively mitigating some of the climatic influences are 
examined. To allow for meaningful assessments, the magnitudes of risk premia under alternative 
assumptions for states of nature are also examined. 
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 Adaptation to climate change: Intercropping as a viable option to minimise climate 
exposure of coconut lands 
 
4.1 Introduction 
The Intergovernmental Panel on Climate Change (IPCC, 2001) defines adaptation as 
“adjustment in natural or human systems in response to actual or expected climatic stimuli or their 
effects, which moderates harm or exploits opportunities”. Climate change is expressed as increasing 
temperature, heavy precipitation, prolonged drought or the change in the frequency of more intense 
weather-related extreme events. It is revealed that most of the physical and biological systems have 
already been affected by regional climate changes, temperature and precipitation changes in particular 
(IPCC, 2001). Agriculture is one of those systems that is sensitive to climate change and its 
vulnerability varies with geographic location, time and social, economic and environmental condition 
(IPCC, 2001). The resource use in agriculture is highly climate-sensitive (Baez et al., 2013). Without 
successful adaptation, climate change could result in severe disruptions to human settlement, 
particularly endangering agriculture and food systems (Antle, 2009, Mallawaarachchi and Harris, 
2014). For the purposes of this thesis, successful adaptation is treated as behaviours aiming to 
minimise the costs under exposure to unfavourable states of nature and to maximise the benefits under 
favourable states of nature. 
Farmers in rural areas of developing countries depend on agriculture as their primary source 
of livelihood. Climate change is projected to increase in South Asia, with imminent increases in 
annual mean temperature in the range of 1-2 0C, and increased variability in rainfall and enhanced 
frequency of extreme weather events such as drought, flood, heat and cold waves (IPCC, 2007). UN 
has identified climate change as one of the greatest challenges at present and negative impacts of 
climate change could constrain the ability of developing countries in particular in achieving 
sustainable development. Adaptation to climate change is one of the prominent feature in the new 
Sustainable Development Goals, in particular Goal 13 that has the focus on taking “urgent action to 
combat climate change and its impacts” (United Nations, 2018). 
Sri Lanka is one of the small island nations, particularly vulnerable to climate change impacts 
relating to temperature, precipitation and sea-level rise. A general increasing trend in temperature by 
0.16 0C per decade is observed while seven percent or 144 mm decrease in mean annual precipitation, 
compared to 1931-1960 period (World Bank, 2017). As stated in the previous Chapter, climate change 
could expose coconut production to more frequent unfavourable states of nature, endangering the 
viability of a key land use activity in Sri Lanka and in other coconut growing countries in Asia. More 
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generally, the continuing changes in climatic conditions could result in large negative impact on the 
agricultural sector in many countries, including Sri Lanka, with implications for food productivity 
and household welfare (Di Falco et al., 2011, Cline, 2007, Mendelsohn et al., 1994, Adams., 1989). 
It is widely recognized that, due to poor adaptability and resource constraints, the effect of global 
warming on agriculture in developing countries is far more detrimental than in industrial countries 
(Hertel and Lobell, 2012, Thornton and Herrero, 2014, IFAD, 2016). Production systems in 
developing countries, which are primarily located in the lower latitudes are already close to or beyond 
the optimum temperature and hence further warming will could substantially reduce agricultural 
productivity (Cline, 2007), although specific nature of impacts are uncertain (Quiggin et al., 2010). 
Adaptations to climate change therefore faces significant knowledge constraints in developing 
effective strategies, under conditions of increasing uncertainty (Pathiraja et al., 2017b, Donatti et al., 
2017).  
Adverse impacts of climate change on agriculture can be moderated through adaptation 
(Adger et al., 2005, Kurukulasuriya et al., 2006, McCarthy et al., 2011). Coherent investigation of 
available adaptation options critical due to increased potential for heterogeneity in climate exposure, 
adaptive capacity and the cost-effectiveness of adaptation strategies. The most common climate 
change adaptation practices include diversification of crops, livestock (Claessens et al., 2012) and 
income sources, soil and water conservation practices, and adjustment of farm management practices, 
such as early and late planting (Deressa et al., 2009). However, benefits of these adaptation strategies 
are limited under severe climatic extremes. Hence, resource allocation should be more systematic 
such as targeted diversification of production systems and livelihoods (Howden et al., 2007).     
Previous studies have mostly investigated adaptation to climate change at the macro level, 
which masks the amount of actual variability at the level of the firms where actual adaptation 
decisions are taken. Hence, the importance of assessing the effects of climate change and possible 
adaptation strategies at the agricultural systems and/or household level is more meaningful for policy 
analysis. Often micro-level studies focus on the effects of farm and farmer characteristics and farmer 
perceptions on the implementation of adaptation practices (Below et al., 2010). However, limited 
farm level studies have indicated that farmers can adopt to changing climate effectively by changing 
crop mix and livestock enterprise combinations (Kaiser et al., 1993, Claessens et al., 2012). However, 
special challenges are arising due to heterogeneity in resource base characteristics and exposure are 
considered in addressing climate change adaptations in agricultural system and/or household level 
(Mallawaarachchi et al., 2014, Tessema et al., 2015, Di Falco and Veronesi, 2014). Uncertainty 
relating to site-specific biophysical and economic data and difficulties in modelling farmer behaviour 
are often encountered barriers. The development and application of relatively simple and reliable 
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methods to evaluate possible adaptation strategies at agricultural systems and/or farm level could 
therefore make a significant contribution in addressing information barriers to successful adaptation.  
Moreover, farm-level studies have often used cross-sectional data, which do not account for 
the dynamic nature of the adaptation problem. Studies that captures the dynamic nature of changes 
using time series data are limited (Moser and Barrett, 2006). Furthermore, studies that capture 
uncertainty of the production environment are more limited. Amongst those, the application of the 
state–contingent approach to represent uncertainty by treating the same commodity to be different in 
different states of nature have proven insightful (Chambers and Quiggin, 2004, Mallawaarachchi et 
al., 2017, Koundouri et al., 2006).  
Following on those developments, this study will explore the use of benefit-cost analysis 
under uncertainty of production environment to evaluate different crop mixes as climate change 
adaptation strategies. The section describes the benefit-cost analysis of different crop mixes as an 
adaptation to climate change under uncertainty. The approach integrates uncertainty in the production 
environment to capture heterogeneity in economic return in different crop combinations.    
4.2 Climate change and uncertainty 
As a source of uncertainty climate change imposes risks in production and consumption. The 
extensive nature of these risks have led scientists to treat climate change as “the greatest market failure 
the world has seen” (Stern, 2007), and given the global nature of this market failure, “then an 
inadequate policy response will represent one of the greatest of government failure” (Quiggin, 2012). 
While uncertain in terms of magnitudes and frequency, climate change also includes predictable 
outcomes with known probability distributions (risk), as well as outcomes with uncertain probability 
distributions (ambiguous).  
Hence the term uncertainty includes both risk and ambiguity: risk occurs when the probability 
distribution of a random payoff is known; and ambiguity arises in situations where the probability 
distribution is not known with certainty by the decision maker (Barham et al., 2013). Climate change 
introduces enhanced climatic risks, due to an increase in the probability of extreme events. It also 
increases a level of ambiguity towards acting on climate change, due to limited knowledge on changes 
in climatic patterns as well as difficulties relating to costs and benefits of alternative actions. Even 
though, we are aware that climate change makes the future probability distributions to be different 
form observed historic probability distribution for climate variables such as rainfall and temperature 
for example (increasing risk). However, it is not possible to determine the range of future probabilities 
for unfavourable events, such as ‘hot days’, as novel and unforeseen implications due to climate 
change, including ways to cope with temperature extremes, are emerging continuously (increasing 
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uncertainty), making the available knowledge itself a source of ambiguity, particularly when the 
decision context is ignored.  
The distinction between risk and uncertainty is not crucial in descriptive analysis, but it is of 
significant value to decision makers in evaluating measures that can be taken to deal with problems 
involving choice (Campbell and Brown, 2015). Ordinarily, the problem of uncertainty can be resolved 
by collecting more information and better understanding the context, which allows grouping actions 
according to certain criteria, in ways similar to managing risks through diversification of a portfolio 
of assets (Campbell and Brown, 2015).      
Risk can be quantified if the likelihood or probability of occurrence can be estimated. Risk is 
objectively or subjectively determined. Subjective risk estimates are based partly on the judgements 
of the analyst, whereas objective estimates are based on repeated observations. Quantification of risk 
based on estimated probability, however, is subjective, based on the range of observations or limits 
of knowledge. For instance, as climate change advances, estimated mean for variables such as annual 
rainfall or temperature becomes less informative as a guide to action. As the range of observations 
increase, so will be the standard deviation, making the mean an unreliable estimate of likelihood. 
However, standard deviation becomes a good measure of risk. Higher the standard deviation greater 
the probability of an outcome being further away (larger or smaller) from the mean.  
  Urgent need has arisen for adaptation not only at farm level in agriculture but also “adaptation 
of the policy and institutional regimes that govern agricultural production, value chains and natural 
resource management” (Food and Agricultural Organization, 2013). Adaptive capacity, exposure and 
sensitivity are determinants of vulnerability to climate change (IPCC, 2007). Adaptation can reduce 
the sensitivity to climate change. Adaptation strategies such as new crop varieties, multiple enterprise 
cropping systems, more efficient irrigation techniques, new forms of water harvesting, alternative 
ways of preserving soil fertility, novel forms of pest and disease control are some examples noted in 
climate change literature (Food and Agricultural Organization, 2013, Mallawaarachchi and Harris, 
2014, Antle and Capalbo, 2010b). With more distinct climate change, general coping responses as 
changes in sowing dates, in timing and amount of fertilizer and irrigation could become less viable 
but more systematic alterations that encompass greater flexibility, such as crop rotation, increasing 
on-farm diversity and crop improvement could be more effective (Villegas and Khoury, 2013).    
  Economic analysis of climate adaptation is in its initial stages. Several attempts have focussed 
on developing consistent frameworks for informing decision making on climate change adaptation at 
different levels. The use of economic analysis including benefit-cost analysis, for systematic 
evaluation of adaptation measures are internationally recognized in order to prioritize and identify 
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investment needs. Traditional cost-benefit analysis does not account for uncertainty. It takes project 
costs and benefits as certain as states of nature are often unaccounted for. However, project costs or 
benefits may have more than one value because of uncertainty. CBA does not include measurements 
for uncertainty, but this limitation can be overcome by attaching a measure of likelihood of 
occurrence (Pouliken, 1970, Anderson and Dillon, 1992). Hence, cost-benefit analysis is applicable 
tool to apply under uncertainty of climate change (Tol, 2003). Economic analysis of adaptation 
strategies to climate change is of particular interest for adaptation planning, as implementation of 
adaptation measures can be ignored due to limited information on their cost and benefits (Daigneault 
et al., 2016, Hills et al., 2013). Decision makers may justify sub-optimal resource allocations when 
scheduling for climate related concerns due to limited evidence of effectiveness and costs of 
alternative adaptation strategies (United Nations Environment Programme (UNEP), 2013, Jones et 
al., 2012).     
Lack of good evidence can increase ambiguity. For instance, “Sustainable crop production 
intensification is termed as climate smart agriculture” (Food and Agricultural Organization, 2013). 
Climate smart agriculture, in practice is defined as “grow more food using less land, water, fertilizer 
and pesticide which are scarce, and more labour, care and intelligence, which are abundant” (Food 
and Agricultural Organization, 2013). This is what attempted under coconut cultivations when other 
crops are grown under coconuts, a common practice dating many years back, where companion crops 
are interplanted in a coconut grove.  
The introduction of these companion crops into coconut plantings increases the overall 
productivity and profitability of coconut lands (Liyanage et al., 1986). While there are numerous 
indiscriminately planted multiple crop stands amongst smallholder coconut farms, systematic 
intercropping can increase profitability under formal management. Three planting systems are 
recommended by the Coconut Research Institute of Sri Lanka for establishing monoculture plantings 
which allows subsequent diversification. These include,  
a) square system with spacing of 8m x 8m giving 158 palms per ha,  
b) rectangular planting with spacing of 7.3m x 8.5m giving 164 palms per ha and  
c) triangular system with spacing of 8.5m x 8.5m x 8.5m giving 158 palms per ha.  
 
Each of these planting systems provide ample space in between two palms to grow other crops 
during initial stage of planting (from planting to eight years) and after 25 years of planting. 
Sustainability of coconut lands better improved with intercropping (Figure 4-1 and Figure 4-2) than 
in mono-cropping as intercropping itself and its land management practices can improve soil and 
moisture conservation (Liyanage et al., 1986).  
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The combined effect of climate change and farmer adaptations are evaluated in this study. 
Because the impacts of projected climate change would be observed as inter-annual to decadal 
variability in atmospheric temperature with regional disparities, local adaptation measures that can 
minimise the exposure to such changes can have the most influence in maximising benefits under 
favourable conditions. Further, the divergence in rainfall between wet and dry regions and between 
Figure 4-1 Intercropping coconuts with banana 
Figure 4-2 Intercropping coconuts with pineapple 
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wet and dry seasons could be observed and it will not be uniform throughout the regions. Investigation 
of climate variability and change in crop production is vital in terms of technological, economic and 
social acceptability criteria. For example, crop productivity in lower latitudes is likely to decrease for  
even small local temperature increases of 1-2 0C and the attainable crop yield from rain-fed 
agriculture could be reduced by up to 50 per cent by 2020 (IPCC, 2007). Such magnitudes of change 
emphasize the significance of identifying adaptation strategies for maintaining crop yields under 
changing production environment to make farming a viable land use activity. In seeking to, minimise 
the vulnerability of farming systems to climate change, adopting more flexible enterprise 
combinations is critical (Touch et al., 2016). In determining the potential vulnerabilities, not only the 
technically feasible crop yields, but also socio-economic factors behind successful adaptations, such 
as the effectiveness of available credit, extension and information systems and markets for targeted 
outputs and input combinations are equally important (Di Falco et al., 2011). However, this study 
only focuses on providing context specific information for adaptation.   
 
4.3 Theoretical framework 
In order to identify effective measures for climate adaptation, appropriate estimation of 
benefits and costs of adaptation is crucial. Benefit-cost analysis is the widely practiced method and it 
is defined as “a process of identifying, measuring and comparing the benefits and costs of an 
investment project or program” (Campbell and Brown, 2015). A worthwhile project, in terms of a 
viable investment, needs to at least compare favourably with depositing money in the bank, which 
will earn a certain rate of return. Simply, the return on the investment can be compared with the 
alternative of depositing money in the bank using two measures i.e. a) rate of return on the investment 
or b) comparing the cost of the project with the current value of future project returns. However, the 
presence of risk can complicate these decisions processes. 
4.3.1 Investment decision-making criteria 
Two main decision-making criteria namely, rate of return on capital and the rate of return on 
annual expenses are used. These criteria are estimated using cash flow analysis. Cash flow analysis 
is simply the process of identifying and estimating categories of benefits and costs in terms of cash 
inflows and outflows associated with a project or proposed course of action to allow comparison with 
another course of action. There are two ways that prices are considered in a project cash flow, use of 
constant price or nominal prices that include inflation. However, both approaches result more or less 
the same result if all commodities are inflated by the same inflation rate. Only traded inputs and 
outputs are considered in the analysis and those are valued at market prices. Benefits and costs are 
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valued based on the assumptions of constant prices and relative prices remain unchanged. Further, 
capital value of investment will be compared with the current market price of an asset.        
4.3.2 Incremental cash flows 
Incremental cash flows are important in evaluating improvements of existing investments. 
Cash flow for the ongoing project is existing. Main objective of the planned extra investment is to 
increase the net cash flow. This expansion in the net cash flow is termed as incremental cash flow 
(Campbell and Brown, 2015). It is simply the difference between the net cash flows with and without 
the additional investment, as in the case of introducing an intercrop to an existing monoculture 
coconut stand. Hence, in appraising the viability of introducing an intercrop, incremental costs and 
benefits resulting from the addition of the intercrop to the existing system or proposed diversification 
can inform the investor whether the proposed improvement or rehabilitation is a meaningful strategy 
to maximise benefits. In addition, incremental cash flow can be employed to compare alternatives 
available for improvement or rehabilitation following an exposure to an unfavourable event.  
However, as the frequency of unfavourable events change, and the exposure pattern alters over time, 
explicit ways to incorporate risk to cash flow analysis is warranted. 
4.3.3 Incorporating risk in benefit-cost analysis 
One of the main methodological and practical challenges in economic analysis of adaptation 
is uncertainty in climate change. Uncertainty in climate change on agricultural production is well 
developed under the state-contingent approach by differentiating state of nature as favourable and 
unfavourable in terms of decision-maker’s welfare. In general, project appraisal using discounted 
cash flows are conducted before undertaking a project. Hence, risk and uncertainty associated with 
future cash flows need to be properly accounted for. Risk and uncertainty are a cost to decision 
makers. The risk  can be quantified, “if it is possible to estimate the probability or likelihood of the 
values that an outcome could take” (Campbell and Brown, 2015). Whereas, both internal and external 
factors can cause uncertainty, such as the influence of internal management decisions on production 
under varying weather conditions, or, future input or output prices which are determined externally. 
Hence, uncertainty could result in many possible values for net benefits, but in conventional cost-
benefit analysis this is not taken into consideration and decisions are made based on a certain value 
of net benefits. However, it is often the case that ignored risk factors that deviate the projected values 
from actuals, results in highly degraded net benefit, creating a substantial impact on profitability.  
“Processes that are not fully understood and, whose outcomes cannot be precisely predicted, 
are often call uncertain” (Loucks and van Beek, 2017). Most uncertainly rainfall is the key factor that 
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determines the effectiveness of rain-fed agriculture. Hence, uncertainty can only be ignored in cost-
benefit analysis of rain-fed agricultural production systems at a substantial cost.  
Probability is the likelihood that an event may happen. In a large sample, relative frequencies 
are equal to probabilities. Probability distribution is a list of probabilities associated with each of the 
outcome values. Probability distribution of a continuous random variable is known as a probability 
density function. Probability distributions can be used to account for uncertainty (World 
Meteorological Organization, 2010). Randomness of a variable is a basic concept in probability 
theory and rainfall volume in the next month is a random variable of which the certain value cannot 
be predicted (Loucks and van Beek, 2017). The value is realised only after the event occurred, or ex-
post. However, likelihood of a random variable can be described by using prior probabilities.  
Risk and uncertainty can be included into benefit-cost analysis in several ways, but sensitivity 
analysis and risk modelling are the most common. However, sensitivity analysis has notable 
drawbacks: 
• sensitivity analysis does not provide information on the likelihood of positive or 
negative returns,  
• sensitivity analysis is only undertaken on selected variables which is considered to be 
risky and there may be some variables that may be risky but not included in a 
sensitivity analysis,  
• sensitivity analysis assumes that variables are independent but variations in inputs and 
outputs may be correlated.  
 
Hence, formal risk modelling could be useful in identifying and describing the nature of 
uncertainty of variables. This can be achieved through estimating probability distributions for 
variables of interest, such as rainfall, based on past observations, or prior knowledge.  
 
The first step to estimate the probability of exceedance is to rank the rainfall data from highest 
to lowest and assign a rank (r) from 1 to n, where n is the number of observations. Since probabilities 
are unknown, it has to be estimated using one of the available methods. Among several methods, 
Weibull, Sevruk and Geiger, and Gringorten are theoretically more appropriate (Raes and Leuven, 
2004) and Gringorten method of calculating probability of exceedance (World Meteorological 
Organization, 2011) was used in this study and the following equation is used where r is the rank and 
n is the number of observations.    
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However, the distributional assumption of the variable under consideration has an influence 
on the estimated probability. Hence, the accuracy of distributional assumption should be verified. 
Probability plotting is an outstanding graphical technique for verifying the assumption of distribution. 
A percentage ogive or probability plot is created by plotting the rainfall depths and probability of 
exceedance and it will results S-shape curve. After removing outliers, data in the probability plot 
shows considerable straight-line aliment. The goodness of fit of this straight line can be determined 
with the coefficient of determination (R). If it shows better fit with a straight line, it can be assumed 
that variable under consideration comes from a normal distribution (Raes and Leuven, 2004). This is 
further confirmed with Skewness/Kurtosis normality test, where the null hypothesis that the variable 
is normally distributed is considered. Further, histogram also a good graphical evidence to determine 
the pattern of distribution.   
 
Spreadsheets are commonly used in cost-benefit analysis. In a spreadsheet we can include a 
check for internal consistency and sensitivity and risk analysis can be conducted conveniently 
(Campbell and Brown, 2015). In addition, risk premium can be calculated using the following 
formula. Expected return on investment can be taken from cash flows. The risk-free investment is 
considered as the purchasing of treasury bonds.     
 
Risk premium = Expected rate of return on investment – Risk free rate of investment 
 
4.3.4 Evaluating adaptation options for coconut production systems 
Empirical analyses of adaptation costs and benefits in agriculture indicate to the availability 
of viable adaptation options involving low cost and/or high benefit under uncertainty of a changing 
production environment (Adamson et al., 2009, Antle and Capalbo, 2010a, Di Falco and Veronesi, 
2013). Adoption of soil moisture conservation measures, improved irrigation practices, soil protection 
through tree planting, rain water harvesting, crop relocation, adjustment of planting dates and crop 
variety are possible strategies (IPCC, 2007). For coconut plantations, coconut farmers, to a varying 
extent could adapt soil moisture conservation options such as burying coconut husk, mulching with 
coconut fronds or coconut husks and growing cover crops. Rainwater harvesting and irrigation of 
coconuts using drip irrigation are technically viable measures. However, their practical adaptation 
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has been a concern due to unavailability of water for irrigation during dry periods and maintenance 
involving high costs. Development of drought tolerant varieties could also be a long-term strategy 
given the perennial nature of coconuts. Crop relocation is not practical due to increasing demand for 
land throughout the island, and that the coconut triangle is considered the most suitable area for the 
growth of coconuts. Adjusting of planting dates is not a relevant option for perennial crops. Given 
these reasons, growing intercrops can be a sustainable option that provides additional income and 
increases the land use efficiency. While previous studies have evaluated some of the adaptation 
measures for coconut (Pathiraja et al., 2017), option of excludes crop diversification has not been 
previously considered in the context of climate adaptation.  
Coconut monocrop cultivation provides additional land and sunlight for the growth of other 
crops along with the main crop coconuts, from the year of establishment of new plantation and up to  
five years or 25 years after planting (Mahindapala and Pinto, 1988). Growing of other crops with 
coconuts, commonly known as intercropping, can be an effective means of crop diversification. Many 
annual, semi-perennial and perennial crops can be grown with coconuts depending on the climate and 
soil requirements of the crops. However, coconut intercropping is not popular among Sri Lankan 
coconut growers at present, and it is often regarded that the apparent adequacy of income generated 
from coconut mono-cropping could be a factor.   
4.4 Empirical model and data 
4.4.1 Empirical model 
We explore a hypothetical case where farmers respond to climate change impacts through 
shifting monoculture coconut to multi-enterprise crop combinations. This analysis is used to illustrate 
the biophysical impacts of climate change on the relative profitability of coconut production. Since 
agricultural production depends heavily on weather variability, uncertainty due to production 
variability needs be included in production analyses. Further, management options adopted by 
producers include ways to counter natural variability through the deployment of production 
technologies more suited to changing environmental conditions. Given coconut marketing is 
subjected to regulatory influences uncertainty owing to market prices are not included in the analysis. 
Hence, uncertainty due to rainfall availability is considered as the key source of uncertainty 
influencing the performance of the cropping system even though changing temperature may also have 
an effect. Annual rainfall of 1,800 mm, which is considered to be the suitable level of rainfall for the 
growth of coconuts is considered as the basis to determine the state of nature. Moreover, given the 
importance of the distribution of rainfall, discussed in the previous Chapter, an equivalent quarterly 
rainfall of 450 mm is used to further demarcate the states of nature.                
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Banana and pineapple are among the preferred intercrops used by coconut farmers (Liyanage 
et al., 1986), and hence selected as candidate crops to evaluate as adaptation options to mitigate the 
impacts of weather variability on mature coconut plantations. Both these crops are semi-perennials 
and therefore expected to provide greater benefits than annual crops, under changing environmental 
conditions. Annual crops also require a high level of management intensity and more frequent land 
preparation costs. Furthermore, annual cultivation can disturb soil, altering soil structure and expose 
soils to greater soil moisture variation. On the other hand, the use of perennial crops as intercrops 
may exert competition for available soil moisture between coconuts and intercrops, particularly 
during dry spells. Appropriate land selection, spacing of crops and cultural practices can minimise 
such competition with favourable outcomes (Atapattu, 2016). Therefore, the effectiveness of using 
semi-perennials as an adaptation to climate change is evaluated. Considering an optimal replacement 
pattern, it is assumed that 1/5th of a hectare is planted each year to maintain a continuous productive 
stand.  
In analysing these options, due to unavailability of data on a timely basis, the work reported 
here is based on a partial model, aiming to illustrate the crucial points of analysis.  A fraction of a full 
model can be used as a basis for policy analysis even though some variables are lost in the subset 
because it is sufficient for many policy purposes (Quiggin, 2012). Since rainfall is the main factor 
that determines coconut production in Sri Lanka under rain-fed conditions, fraction of the full state-
contingent model is used for the analysis. The general recommendation for a climate normal, of 30 
years, is used as the benchmark to compare (World Meteorological Organization, 2011). Single gross 
margin budgets are used for the analysis. Rate of return on capital and rate of return on annual 
expenses are considered as the decision criteria.          
Capital value of the asset is calculated under categories of three interest rates namely, 
agricultural loan for five years at 16 per cent, agricultural loan for five years at 17 per cent, and 
interest rate of specially designed investment loan program for coconut growers at 9 per cent. This 
loan scheme is known as Kapruka Ayojana, and loans are provided for coconut-based activities. 
Under this program loans to grow intercrops under existing mature coconut stands are provided at a 
concessionary interest rate of 9 per cent (CCB, 2018). Bond rate at Central Bank of Sri Lanka is taken 
as the risk-free rate of investment. 
4.4.2 Data 
Site-specific data on coconut production and climate data in particular rainfall were collected 
from the Bandirippuwa estate, the main research station where Coconut Research Institute of Sri 
Lanka is located. This is one of the meteorological stations that collects weather data for the 
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Department of Meteorology in Sri Lanka. Climate data for the period of 1976 to 2016 and coconut 
production data for the period of 1985-2016 were also collected. Data required to develop the cash 
flows for coconut mono-cropping was also collected from the same estate. Cost-benefit analysis was 
undertaken using published data on gross margins (Fernando et al., 1997) for banana and pineapple 
updated with current market prices for inputs and outputs. Rate of treasury bonds is 7.5 for 91days 
bonds (Central Bank of Sri Lanka, 2017).  
 
4.5 Results and Discussion 
4.5.1 Approach 
The effectiveness of using different companion crops in association with coconut was 
evaluated as an adaptation strategy to climate change using benefit-cost analysis under different states 
of nature for the climate variable, rainfall. Site-specific historic data on rainfall from 1976 to 2016 
was used to estimate the probability of occurrence of favourable and unfavourable states of rainfall 
for the growth of coconuts. The annual total rainfall received in a given location in a given period 
was the reference variable. In Figure 4-3, the observed annual rainfall of Bandirippuwa estate for the 
period of 1976 to 2016 is plotted. Annual average rainfall varies with a mean of 1 836 mm, standard 
deviation of 417 mm and minimum and maximum of 1 074.3 mm and 3 463.5 mm in year 2011 and 
2013 respectively. Coefficient of variation that is an indication of rainfall variability is 0.21. It is 
noteworthy that the historical minimum and the maximum for this data set fell two years apart in the 
current decade, highlighting the enhanced uncertainty associated with recent climatic experience. 
 
 
   
Figure 4-3 Total annual rainfall recorded in Bandirippuwa estate for the period 1976-2016 with 
indication of the average rainfall 
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Source: Coconut Research Institute of Sri Lanka. 
 
As climate uncertainty increases, adaptation strategies for coconut plantations cannot be 
determined on the basis of long-term average of the rainfall record. More attention needs to be placed 
on the probability of receiving a rainfall depth appropriate for the growth of the coconut palms. Even 
though, mean and standard deviation of historic rainfall data is available it is not possible to use them 
directly for finding the specific probability or return period without considering the actual 
distributional characteristics. Therefore, it is necessary to check the accuracy of assumed distribution 
of the data set before estimating probability or return period of specific rainfall depth.   
Probability of exceedance is the likelihood that actual rainfall will be equal or higher than the 
estimated rainfall depth. In other words, it refers to the probability of the incidence of a rainfall depth 
greater or less than some specified value. This can be used as an indicator of the risk. Probability of 
occurrence of future rainfall events are predictable using historical rainfall records (Raes and Leuven, 
2004) of a stationary time series. In the absence of a significant trend in historical time series, it can 
be expected that more or less similar frequency distributions will be realised in future. As aforesaid, 
a 30-year historical data series is generally considered acceptable to estimate probabilities. This 
rainfall data series comprised of data for more than 30-years and no significant trend was observed. 
Hence, this data can be used to estimate probability of low and high rainfall events.    
The first step to estimate the probability of exceedance is to rank the rainfall data from highest 
to lowest and assign a rank (r) from 1 to n, where n is the number of observations. Since probabilities 
are unknown it estimated using Gringorten method which is theoretically more appropriate (Raes and 
Leuven, 2004, World Meteorological Organization, 2011). Using this probability distribution, the 
probability of receiving rainfall equal or more than 450 mm in the four-quarter lagged rainfall were 
estimated as 51 per cent which is used to determine the state of nature in the previous study.     
Probability plotting is an outstanding graphical technique for verifying the assumption of 
distribution. A percentage ogive or probability plot is created by plotting the rainfall depths and 
probability of exceedance and it will results S-shape curve (Figure 4-4). After removing outliers, data 
in the probability plot shows considerable straight-line alignment with a coefficient of determination 
(R) of 95 per cent. Hence, it can be assumed that annual rainfall data in Bandirippuwa Estate comes 
from a normal distribution (Raes and Leuven, 2004). This is further confirmed with 
Skewness/Kurtosis normality test, where null hypothesis is considered that the variable is normally 
distributed. The results gave the probability value of 0.695 and hence do not reject the null hypothesis. 
Further, the histogram (Figure 4-5) also showed a near normal distribution.   
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Figure 4-4 Probability of the total annual rainfall 
 
 
 
 
Confirmation of normal distribution of the annual rainfall meant that the probability of 
exceeding the rainfall equal or more than 450 mm per quarter, which is the required rainfall for better 
performance of coconuts was 51 per cent. This probability is used in quantifying uncertainty in cost-
benefit analysis of different farming systems of coconuts. Cost-benefit analysis was conducted in the 
farmers’ view point. Rate of return on capital and rate of return on annual expenses (working capital) 
for coconut monocrop is compared with that of coconut intercrops with banana and pineapple. Table 
4-1 shows the results of the cost-benefit analysis. Detailed cash flows are presented in the Appendix 
2. The estimates were done based on the historic probabilities, but it is unrealistic to expect that 
history would repeat under changing production environment which was clearly evident in the 
Chapter 3. This and the very close alignment of favourable and unfavourable states of nature in the 
historical dataset (51 and 49 per cent, respectively), made is necessary to undertake sensitivity 
analysis by increasing the probability of unfavourable state of nature by 10 and 20 percent. Results 
of the base scenario and the alternative probability scenarios for states of rainfall by 10 and 20 percent 
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is presented in, Table 4-1, Table 4-2 and Table 4-3 respectively and risk premium at base scenario in 
Table 4-4 .     
 
Table 4-1 Results of the cost benefit analysis using historic probability (base scenario) 
Cropping 
system 
Rate of return 
on capital (%) 
Rate of return 
on annual 
expenses (%) 
Capital value (US$) 
   Agricultural 
loan at 16% 
interest rate 
Agricultural 
loan at 17% 
interest rate 
Kapruka 
Ayojana loan 
scheme 9% 
Monocrop 0.99 65.18 2,519 2,371 4,479 
Banana 
intercrop 
22.91 103.11 58,543 55,099 104,076 
Pineapple 
intercrop 
45.26 115.20 100,417 94,509 178,519 
Figure 4-6 Results of the cost benefit analysis using historic probability 
Note: Risk adjustments were done using historic probabilities of 0.51 in favourable weather and 0.49 
in unfavourable weather.  
 
 
Table 4-2 Results of sensitivity analysis - 10% change in unfavourable outcome 
Cropping 
system 
Rate of return on 
capital (%) 
Rate of return 
on annual 
expenses (%) 
Capital value (US$) 
   Agricultural 
loan at 16% 
interest rate 
Agricultural 
loan at 17% 
interest rate 
Kapruka 
Ayojana loan 
scheme 9% 
Monocrop 0.97 64.28 2,483 2,338 4,416 
Banana 
intercrop 
0.60 2.69 58,543 55,099 104,076 
Pineapple 
intercrop 
45.13 114.88 100,417 94,510 178,519 
Note: Probability of unfavourable weather is increased by 10%. 
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Table 4-3 Results of sensitivity analysis - 20% change in unfavourable outcome 
Cropping 
system 
Rate of return on 
capital (%) 
Rate of return 
on annual 
expenses (%) 
Capital value (US$) 
   Agricultural 
loan at 16% 
interest rate 
Agricultural 
loan at 16% 
interest rate 
Kapruka 
Ayojana loan 
scheme 9% 
Monocrop 0.96 63.38 2,519 2,371 4,479 
Banana 
intercrop 
0.42 1.91 58,543 55,099 104,076 
Pineapple 
intercrop 
45.0 114.25 100,417 94,510 178,519 
Note: Probability of unfavourable weather is increased by 20%. 
 
Table 4-4 Risk premium at base scenario 
Crop Risk premium (%) 
Monocrop coconuts -6.53 
Intercrop Banana 15.41 
Intercrop Pineapple 37.76 
 
Results shows that the cash flows associated with coconut intercropping systems are much 
higher compared to the coconut mono-cropping under the uncertainty of rainfall. However, the 
capitalised value of land on the basis of annual returns from coconut monocrop is much lower than 
the current market price of coconut lands. At present, the price of 1ha of coconut land in the estate 
sector and smallholding sector are US$ 40,894 and 49,075 respectively (CRI internal data).  These 
values were only realised under the intercropping option, indicating that as a monocrop, the land 
utilisation is well below its potential. The higher market value placed for smallholder coconut land 
on a per unit area basis, also indicates the opportunity cost of land for alternative uses, including for 
urban development.  
The analysis above confirms the long-held view that growing intercrops can be a sustainable 
option that provide additional income and increase land use efficiency. In the face of serious climate 
change risks and growing competition for land in a transitional economy, it is unlikely that coconut 
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cultivation, as a monocrop could ever be a viable economic proposition. The reason why landholders 
are reluctant to embark on widespread intercropping needs serious investigation. 
4.6 Conclusions 
The use of conventional benefit–cost analysis in climate change studies that excludes 
uncertainty is a crucial problem. This study attempted to include uncertainty into benefit-cost analysis 
by considering rainfall distributions as a source of risk. Results revealed when the production system 
(crop mix) changes the expected return from the production system improves considerably, compared 
to base the scenario, coconut mono-cropping. Empirical analysis on adaptation behaviour in 
agriculture indicates that many factors other than the apparent economic viability influence the level 
of adaptation. The most interesting finding of the current study is that the effect of climate change 
adaptation is sensitive to the state-contingent specification of changes in rainfall. Effective decision-
making could lower the threat of climate change on sustainable land use and hence economic 
assessments and responses to risk and uncertainty may provide better informed policy decisions. 
However, coconut intercropping is not popular among Sri Lankan coconut growers at present may be 
due to the adequacy of income generated from coconut mono-cropping. This is only true with regard 
to working capital for coconuts (64 per cent rate of return), and it seems likely that given most coconut 
land has been transferred to current use over generations, and the fact that coconut cultivation is a 
non-transformative land use which preserves the option values for future uses, it is rational for 
landholders to maintain coconut monoculture stands with little or no intercropping. If climate change 
were to continue and the probability of unfavourable states were to increase, the coconut physiology 
and growing context highlighted in this thesis suggest that the risk of coconut monoculture is likely 
to increase substantially. The need for continuing adaptation is therefore crucial. 
 
 
 
 
 
 
 
 
 
 
 
81 
 
 
 Conclusions 
5.1 Introduction 
The primary goal of this research was to examine the application of a state-contingent model 
for coconut production with a view to assess its suitability for policy analysis in the management of 
long-lived crops under a changing production environment, including pronounced evidence of 
weather variability and climate change. The study focused on commercial coconut cultivation in Sri 
Lanka where reliable historical data is available. Agricultural production, particularly coconut 
cultivation, has been experiencing significant changes in the production conditions over time and 
become vulnerable to climate related uncertainty concomitant with the natural variation in weather 
and climate.  
The empirical analyses of climate variables across primary coconut growing areas following 
graphical and statistical methods helped identify differences in the distribution of climate patterns, 
variation and trend over time. Significance of these variations were statistically tested. The changes 
in climatological variables of rainfall and temperature in primary coconut growing region during 
1950-2014 were examined using a database of Coconut Research Institute of Sri Lanka.  
The results from this study offers a better understanding of how the production environment 
is changing in the short run as well as over time, offering a useful knowledge base to evaluate potential 
policy options for improving the competitiveness of coconut production, in response to the changing 
production environment.    
 This was followed by an empirical analysis of how farmers manage production uncertainty 
under different states of nature by implementing flexible farming technologies that are amenable to 
weather variability.  It draws specifically on coconut production data from a sample of commercial 
coconut plantations in the primary coconut growing area of Sri Lanka using limited panel data. State-
contingent production approach was used to determine the effect of weather variability on coconut 
production by estimating a production function. The estimated coconut production functions in wet 
and dry states of nature were significantly different indicating, at the commercial level, coconut 
production is better represented in a state contingent framework. Hence, the weather variability on 
coconut production is best-captured using state-contingent approach.  
The third study drew insights from the first two studies, under the alternative assumptions for 
states of nature, to examine how farmers can change their farming practices, particularly crop 
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diversification in response to the observed climate changes in a cost-effective way. This study used 
site-specific time series primary data of coconut production and climate variables obtained from the 
main research station of the Coconut Research Institute of Sri Lanka and secondary data on crop cash 
flows published by the same institution. Cost-benefit analysis of a set of intercrops under coconuts 
were undertaken, while also capturing the uncertainty in rainfall within the analysis. It is revealed that 
diversification of coconut land with intercrops is a viable adaptation for climate change, in terms of 
improving the likelihood of an income that can justify the capital cost of coconut land. Further work 
is needed to better estimate the effects on income volatility and cash flows under alternative 
assumptions for the price of coconuts and intercrops. 
Nevertheless, these studies contributed to an improved understanding of factors driving 
agricultural production in Sri Lanka over time, thus providing an improved basis to consider ways to 
improve adaptive capacity of coconut growers to deal with the changing production environment.  
5.2 Key findings and policy implications 
5.2.1 Empirical evidence of climate change 
5.2.1.1 Conclusions 
The empirical analyses of climate change in primary coconut growing region and the potential 
effects thereof on coconut production confirmed that the climate conditions are changing in the main 
coconut growing areas. The study provided evidence, both graphically and statistically, that rainfall, 
drought months and temperature have varied significantly. Mann-Kendall trend test confirmed that the 
long-term trend to be statistically significant. This confirms the significant trends in climate variables 
in areas where coconut production is a dominant economic land use. This raises the issue of adapting 
to climate variability and change as a priority for coconut producers, if they were to remain 
economically viable in the long run. Measures to mitigate the adverse impacts of climatic risks, 
particularly on agricultural production warrants further research. 
5.2.1.2 Policy implications 
Statistically significant trends in climate variables indicates that the primary coconut growing 
areas face measurable variations in climatic conditions that increases the vulnerability of island’s 
coconut crop to significant volatility. This knowledge of climate variability and change should be 
disseminated to stakeholders namely farmers, researchers and policy makers in order to take effective 
adaptation responses to cope with a changing production environment.  
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5.2.2 Impacts of weather variability on coconut production 
5.2.2.1 Conclusions 
Exploration of the research question, to which extent coconut production in Sri Lanka can be 
represented in the state-contingent approach led to the conclusion that coconut production is well 
represented in the state-contingent approach and hence production in dry and wet conditions should 
be treated as two different representations in any serious analysis.  
5.2.2.2 Policy implications 
It is usually hypothesised that coconut production is mainly determined by the total annual 
rainfall where coconut outputs produced under different states of nature are treated as a single 
commodity. This study revealed that the state-contingent framework is more suited to describe coconut 
production and hence ignoring the differences in rainfall distribution in technology choice can be 
uneconomic. Policies that encourage coconut production should take this into account and permit the 
development of state-contingent markets, where coconut producers will have the incentive to 
differentially manage the production risks and get rewarded in the market place. In this respect, the 
current government interventions in the market in smoothing coconut prices through administrative 
means would act to impede profitable adaptation. Removal of such interventions has the capacity to 
improve the efficiency of coconut production. 
5.2.3 Crop diversification as an adaptation option 
5.2.3.1 Conclusions 
The third study explored the possibility of crop diversification as an adaptation measure to 
mitigate negative consequences of a changing climate. Benefit-cost analysis of a select set of intercrops 
under coconuts were estimated with the provision for capturing uncertainty in rainfall availability. It 
was revealed that diversification of coconut lands with intercrops is a viable adaptation strategy for 
climate change and variation, in particular in bringing returns from land use to more closely reflect the 
opportunity cost of capital.   
5.2.3.2 Policy implications 
Farmers need to be better informed of the benefits of crop diversification as a climate resilient 
strategy to cope with climate uncertainty and mitigate its negative impacts as well as to maximise the 
opportunities in profitable land use that seems to have the capacity to retain option values in alternative 
future settings. Literature reveals that lack of information on costs and benefits of adaptation strategies 
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could hinder farmers using available technological options to mitigate risks. Hence, it is important to 
make these findings more accessible to farmers and undertake detailed analysis of viable combinations 
of candidate crops suitable for different agro-climatic zones, policy and marketing contexts that have 
differential exposure and adaptive capabilities.  
       
5.3 Limitations of the study and future research 
Although this research provides important insights on exposure to production risks in farming 
under a changing production environment, namely the primary coconut growing areas of Sri Lanka, 
several limitations were identified that require further research. The primary target of the study was 
to establish empirical evidence on the presence of climate uncertainty on coconut production and 
evaluating the suitability of the state-contingent approach to analyse production uncertainty in a long-
lived crop. This was attempted using a limited panel data set over four years. While the results were 
encouraging, these relationships need to be better evaluated using long panel data sets to better 
account for sources of variability and improve the reliability of estimates.       
The combined effect of decreasing rainfall and increasing temperature will reduce the water 
availability for coconut plantations, thus increasing the vulnerability for significant yield losses. It is 
known that increased temperature leads to crop heat stress. Further, it increases evapotranspiration 
for a given biomass and therefore increase soil water demand. However, these interaction effects were 
not considered in the benefit-cost analysis. The economic relationship between supply and price was 
also neglected. Even though these are acceptable, within the scope of this study, as rainfall is the main 
factor that determines coconut yield and the inelastic nature of supply in perennial crops, inclusion 
of these measures in future research will generate more policy relevant results. Production variation 
of intercrops were taken by the consultation of experts in the analysis due to lack of data to establish 
probability distributions. Experts believe that intercrops increase crop yields of the primary coconut 
crops and have the potential to minimise yield variation under climate exposure. These aspects were 
not taken into consideration due to lack of research data. More work is needed in these areas.       
Finally, the study was based on data obtained from commercial coconut cultivations, but 
majority of coconut growers are smallholders, managing heterogeneous parcels of land. Therefore, it 
is important to find out the implications of weather variability on coconut smallholding sector, where 
production conditions and management intensity are highly variable.  
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Appendices 
 
Appendix 1  
 
Weak assumptions 
A1: It is possible to produce zero output (inactivity); 
A2: There is a limit to what can be produced using finite amount of inputs (output sets are bounded) 
A3: A positive amount of at least one input is needed in order to produce a positive amount of any 
output (no free lunch) 
A4: If given inputs can be used to produce a particular output vector then, they can also be used to 
produce a scalar contraction of that output vector (outputs weekly disposable) 
A5: If given outputs can be produced using a particular input vector, then they can also be produced 
using a scalar magnification of that input vector (inputs weekly disposable) 
A6: output and input sets contain all the points on their boundaries (i.e. they are closed)         
 
Results of panel data analysis in Chapter 2 without considering the state of nature  
 
Dependent variable: coconut production /quarter  
Independent variables Coefficient Std. Err # P>t 
Labour (person days) 0.02 0.09 0.758 
Rainfall in current quarter (mm/quarter) 1.17 3.12 0.69 
One quarter lagged rainfall (mm/quarter) 0.08 0.04 0.062 
Two quarter lagged rainfall (mm/quarter) 0.04 0.04 0.26 
Three quarter lagged rainfall (mm/quarter) 0.48 0.04 0.226 
Four quarter lagged rainfall (mm/quarter) 0.12 0.03 0.001* 
Five quarter lag rainfall (mm/quarter) 0.09 0.03 0.013* 
Six quarter lag rainfall (mm/quarter)   0.02 0.04 0.66 
Seven quarter lag rainfall  (mm/quarter) 0.18 0.039 0.0* 
 Eight quarter lag rainfall  (mm/quarter) 0.12 0.04 0.007 
Bearing palms (number) 0.35 0.19 0.066 
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Temperature (0C) -15.81 5.3 0.003* 
Fertilizer (kg/quarter) 0.06 0.16 0.69 
Constant -11.18 0.00 0.03 
Log likelihood -9.58   
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Appendix 2 
 
Annual cost & returns (Rs/ac/yr) of a mature coconut Plantation (64 palms/ac) adopting standard 
level of cultural practices and inputs 
  Number 
of units 
Unit price Total 
Income    
Nut production (nuts/palm/yr)  2000 
 
  
Farm gate selling price (Rs/nut) 40 
 
  
Gross income 80000 
 
  
    
 
  
Variable cost   
 
  
Fertilizer application   
 
  
APM (3kg/palm) 192 71 13632.00 
Dolomite (1kg/palm) 64 10 640.00 
Removal of old mulch (@ 40 palms/md) 1.6 1200 1920.00 
Broadcasting fertilizer (@125-150 palms/md) 0.47 1200 558.55 
Incorporation of fertilizer into soil (30-35 
palms/md) 
1.97 1200 2363.08 
Putting back the mulch (@50 palms/md) 1.28 1200 1536.00 
    
 
  
Harvesting  crop works   
 
  
Harvesting by poles (@ Rs 375/pick & 6 picks) 6 600 3600.00 
Collection of nuts (@500nuts/man hour) 0.75 1200 900.00 
Transport of nuts in to main heap ((Rs 475/1000 
nuts) 
3000 0.475 1425.00 
Counting of nuts (@8000nuts/md) 0.375 1200 450.00 
Stock piling of nuts (@1500nuts/man hour) 0.25 1200 300.00 
    
 
  
Cultural practices    
 
  
Weeding (@15 coconut squares/md, 2rounds per 
yr) 
8.53 1200 10240.00 
Fencing Cost (Rs./md) 1 4050 4050.00 
Total cost   
 
41614.62 
    
 
  
Net return   
 
38385.38 
 
Note:   Rs – Sri Lankan rupee 
 md – person days 
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 Cash flow for banana under coconuts 
years 
   1 2 3 4 5 
OUTPUT        
        
bunches/ac  193 285 280 239 231 
average price (Rs/bunch) 500 500 500 500 500 
income from bunches  96500 142500 140000 119500 115500 
suckers   150 475 370 429 554 
average price (Rs/sucker) 25 25 25 25 25 
income from suckers (Rs/ac) 3750 11875 9250 10725 13850 
income from banana  100250 154375 149250 130225 129350 
        
INPUTS        
Labour use (md/ac)        
Land clearing  6     
land preparation  5     
cutting pits  7     
dipping of suckers in chemicals 1     
planting   3     
fertilizer application  4 4 4 4 4 
fibre dust mulching  4     
weeding   6 6 5 5 6.5 
removal of suckers  2 4 4 5.5 11 
application of insecticide 1     
removal of old banana logs  3 1 1  
harvesting  2 2 2 3.5 6 
Total labour use (md/ac) 41 19 16 19 27.5 
Wage rate  250 250 250 250 250 
Total labour cost  10250 4750 4000 4750 6875 
        
Materials          
number of suckers  250     
average price (Rs/sucker) 25     
cost of suckers  6250     
fibre dust -number of 4WT 
loads 35     
price per 4WT       
cost of fibre dust  0     
inorganic fertilizer   334 350 354 378 353 
price   70 17.5 17.5 17.5 17.5 
inorganic fertilizer cost 23380 6125 6195 6615 6177.5 
Dimethoate (ml)  400     
price Rs/400 ml  375     
Dimethoate cost  333.3333     
Dithane M-45 (kg)  0.5 2.5    
price (rs/kg)  700 700    
Dithane M-45 (kg)  350 1750    
99 
 
Kurator (kg)   2    
price (Rs/kg)   200    
Kurator cost (kg)   400    
Total material cost  30313.33 8275 6195 6615 6177.5 
        
Transport cost         
number of 4WTs of fibre dust 35     
average cost of transport/4WT  0     
fibre dust transport cost 0     
planting material- # of 4 WT 
loads  1     
planting material transport cost 1000     
fertilizer transport cost 700 700 700 700 700 
Total transport cost  1700 700 700 700 700 
        
Machinery        
land preparation (rs/ac) 3000     
land preparation (rs/ac) 3000     
Total machinery cost  6000     
        
Total variable cost  48263.33 13725 10895 12065 13752.5 
        
Gross margin (Rs/ac) 51986.67 140650 138355 118160 115597.5 
Note:   Rs – Sri Lankan rupee 
 md – person days 
Source: Fernando, M T N, Gunathilake, H A J., Fernando, D N S and Subasinghe, S D J N (1997).  
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 Cash flow of pineapple under coconuts 
Gross Margin (Rs/ac*) of pineapple cultivation under coconuts     
Years 
    1 2 3 4 5 
OUTPUT         
Coconut          
Yield    3000 3000 3600 3600 3600 
Price of a nut   16 16 16 16 16 
Income from coconut  48000 48000 57600 57600 57600 
         
Pineapple          
number of pineapple fruits   7111 10322 10075 6065 
average price (Rs/fruit)   70 55 35 20 
income from fruits    497770 567710 352625 121300 
number of suckers    1997 4928 3385 3676 
average price (Rs/sucker)   15 15 15 15 
income from suckers (Rs/ac)   29955 73920 50775 55140 
Income from pineapple   527725 641630 403400 176440 
         
Gross Return (Rs/ac)  48000 575725 699230 461000 234040 
         
INPUTS         
Labour use (Seo et 
al.)        
Land clearing   6 0 0 0 0 
land preparation   13 0 0 0 0 
dipping of suckers in chemicals  2 0 0 0 0 
planting    12 0 0 0 0 
fertiliser application   7 5 5 5 4.5 
weeding    10 12.5 12 9 7 
fiber dust mulching   0 0 0 0 0 
earthing up of fiber dust  6.5 0 0 0 0 
application of insecticide  2 2 2 1 1 
application of hormones  2 2.5 3 4 2.5 
fruit protection   0 8 10 0 0 
harvesting   0 4 5 6 5 
removal of suckers   0 3 4 4 4 
removal of leaves   0 5 5 0 0 
Total labour use (Seo et al.)  60.5 42 46 29 24 
wage rate (Rs/md)   500 500 500 500 500 
Total labour cost   30250 21000 23000 14500 12000 
         
Materials           
number of suckers   4000     
average price (Rs/sucker)  15     
cost of suckers  (Rs/ac)  60000     
fiber dust-number of 4WT 
loads  60     
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price of fibre dust (Rs/4WT)  0     
cost of fibre dust (Rs/ac)  0     
inorganic fertilizer (kg/ac)  832 843 706 671 642 
average price of fertilizer  85 85 85 85 85 
cost of fertilizer   70720 71655 60010 57035 54570 
Dimethoate 40 (ml)   400 400 400   
price (Rs/450ml)   600 600 600   
Dimethote cost   533 533 533   
Ethral (ml)   400 400 800 800 800 
Ethral price (Rs/50ml)  200 200 200 200 200 
Ethral cost   1600 1600 3200 3200 3200 
weedicide (ml)   400 1000 1000 800  
price (rs/450ml)   600 600 600 600  
cost of weedicide   533 1333 1333 1067  
Toatal material cost  133387 75122 65077 61301.67 57770 
         
LC+TMC    163637 96122 88077 75802 69770 
Transport cost         
number of 4 WTs of fibre dust    60     
cost for transporting 1load of fibre dust 0     
fiber dust transport cost (Rs/ac)  0     
planting material transport cost  (Rs/ac) 2500     
fertilizer transport cost  800 800 800 800 800 
Total transport cost   3300 800 800 800 800 
         
Machinery         
land preparation (ploughing) (Rs/ac) 4500     
Harrowing   3000     
Total machinery cost (Rs/ac)  7500     
         
Total cost for coconut  32600 32600 32813 32813 32813 
         
Total variable cost   207037 129522 121689 109414 103383 
              
Gross Margin (Rs/ac)  -159037 446203 577541 351586 130658 
 
Note:   Rs – Sri Lankan rupee 
 md – person days 
Source: Fernando, M T N, Gunathilake, H A J., Fernando, D N S and Subasinghe, S D J N (1997).  
 
 
 
 
